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lit 3] 



#H2 002-370310 
2 

Sfctt. (ID 

Ml: 4] 

[»#W5] #«JT- (A) ifi. 7U*75>i4- 
t/v-t075;l4tt43#'JV-tfctt# , Jl 

[»*«6] <k-&* (B) X?l/>y75X h 
5>X - 1 , 4 -->i7D^-tJ">v7S>. # 'J 7 U Jl/ 

<SS-&Sffi*<. Au. Ag. CuRtfP t J8»&&«**» 
eigfcms&JB, SIO, . A1,0„ InO,, 

SnO„ ZrO„ TIO.RtfH f O, 

[f*#JS8] 2@B6t&© (2) OIilC*»T. » 

Diibiafttc. xiss^^^'jv— (a) <omwz 

Jg-&&J&J&£i±S (4) ©Ig*ffPutft:<.. (2) 
t (3) ©XS*llHiet±l«Ojgb, 

[R^lO] Au, Ag, Cu. P t A^&Slli 1 
SSfcmS&JS, ifcttSIO,, A1,0, , InO,, S 
nO,, ZrO,, TIO.RtfH f O, ^e>^S»^5S 

* -ft e & ***f ±k 7sys*fcB*M+y 

j*LT*S£SftTV»*>l*y V- (A) £, «UE#'J"T- 
(a) ©*Rfc©£te**fctt*lifi¥tti. X^U>5> 
75>, h7>X-l, 4->?D^iJ->>?75>, 
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# 'J T'J^TS >, =U\Zm$Llz\th7>Z- 1 , 4- 
<&* (B) 5 K^Sfc«75 K^SMIT 

HZizMtUtG® (B) ©*Rrt?©««»3j»WIE# u ^ 

- (a) tmmhL<\zmm<D#v?- (a) msh 

(A) <D*SitxOttgS*fe«*jfi^&*iWIEik-&«5 

(B) <h|f3« ! feL<teS«cD<(fc-&^ (B) i-f5h*^-& 

/}?'J-7- (A) tltttiCDfc^ft (B) tWSK» 
[flldTOi i] jRUv- (A) at, vw^^eyy 

W5>4-bfx;i/7XU>£X3 1 l'><>:©:3#'JV- 20 

frtu&mfr &nz>ffi&m 1 o ke*o# u 

[W#Jg 1 3 ] W^Jg 1~9 OWfti*-oCEt© 

[RSOffiftRB] 30 
CO 0 0 1] 

ssfc»u<»4. 

[0 0 0 2] 

[££*©&«] ifi^s. ty^-h**-^-©W«t 
[0003] fly*. ^/y-h;ui^;uTj&j¥^3§/&# 

ff55>ySa7-/oyis»h (LB) fe&t£flj*tt 
Tlri* WAH #M¥6-3 2 9 1 3%^, #B8 2 
000-143831 Wzk&) . 

[0004] *«7;u*;p»*©»*tt»ffi* so 
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[0 0 0 5] L*Lfc*«&. Jl#*ll&©&$?&Sj|&£*§ 

[0006] m»mm\zit^mpimwsmm^ 

#»TW5t**ff*>nTV»* (#$!¥ 5- 1 7 5 9 5^ 
«U #M2 0 0 0- 1 4 3 7 0 5 . 

[0007] 7;i/n^v->u;u»-^^;u*^h 

[0 0 0 8] iS¥. «f«ft#-r*#U"7- ckt. r# 

¥io-i 6 7 7 0 7«m ryn^i/x-tyo 
D-f H • 7>F • #1) v- • iMx>* (Prog. Collol 
d Polym. Scl.) 8 9#, 1 6 OH, 1 9 9 2*f) . 
[0 0 0 9] M*.«. #'J (4-X^>XJW*>B?:*- 
^©7-*>tt*'j7-«)»HmT5i 

cfcfcJ:!). 7-t>tt^'jv-f«it*^>tt^ 

U V-«tf*#X^fc8M^n&*«S*i&±K:fWr 
[0 0 10] JLO^Ftttt. ffi^Jc, lolW?#'Jv 

* 0-2 4 4 6 1 . 
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[0 0 1 1] *f6BJ#5>ti. vK>S!^E/7^ 

Lm%Zt*&mVtz 0- 1 2 0 7 9 0^& 

$S) . b^b, &*'J^-Sfffil©BIJPte£)3 nmi»H 

[0 0 12] 

[*9l2WWftbJ:'5fc"r*HM] b± -5 4: 

[0 0 13] 

[0 0 14] *5&W%<b\Z* *««®ICT5/S*fctt 

*t£ «IIBW*E» «t 7 5 J * £ -»i> 

S$#-*2i«±#t«*'J7- (A) <Di§$£K:lg«fc£ 
*. fe*^JC#U-7- (A) XCK£tt& 

-f 3 Ftt^*»J«b"5«'Sll6»t«-* 2«KA±*-r«.{t 
(B) ©»«fc««ai*. ^ViTitt.^. t>L<te 

[0 0 1 5] fll-6. **91tt. (1) -TSS'^S&tt 

73 ^^^m^mi> lmm^sm&^m-r^tiyy 
mmizfe&zit&jin* (2) »ttK»^b/tiwE*y 

^£^j&b#£ l«m©tt£*£2 0^±*rr£rt\ * 

K»^*fctt7s h«^*»j«u»* ism® 

Wfi&l^MT^^'JV- (A) cD^?RtCflt(IB 



4) ftffl 2002-370310 
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s#£t£Ms-a\ #U7- (a) £ taiea** tcs^bfc 

[0 0 16] (3) #'J-7- (A) )WMfc«*bfcfWB 

#uv- (a) ^t^iaaotiSifeii 

-f 3 h*ig^^fe«7 3 K^£^l*b*§* 1 
Wm<D'Btfem*2-3\>A±.1i-$Z>\t&M (B) Wi§i0t£& 

(a) \z\t&® (b) *<b*»»«* 
s h*^^^$-&-5ia*3«ty: (5) mesHfc 

!0 (2) (4) ^<OJLm*im&±.WkK)i&tZ\tZ: 

U v-?$||££WT£»«©83it:#?2i£Jf « 

[0 0 17] Au, Ag, Cu. Pt* 

InO,, SnO,, ZrO,. TIO, StfH f O, frt>tl 

z> *a» & itfns &mmim~e&m tmm-z nx v> s # 

5 X . 53£* & 6 ft -5 »** ± K 7 3 7 S * fctt 
20 5 (A) t. 

Htrie^uv- (a) ojfkKfov-gmms.ftizmmMVL 

1t>> ! 73 >. #'J7'J;W73>, 3Ai?SEifcliH7 

>x-i, 4-->^a^^-y->> ? *;i'#>^^e)ft-5if 

*»6«tfn*fl;^« (B) W5 Fli**fctt75 H 

(b) ©sfesiBostta^WE^u^- (a) tmm* 

b<«Sffi©*'jV- (A) MSH^Jfcl^SH 

^-&^^bxie^$n. i#U7- (a) ©*kjs© 
30 -sfigs^fc^jeme^Hais^ii) (b) tmm%v< 
itmmext'S®) (b) t-r s ^m^fturs. 

MbTM^ntV^ HK±©^iJ-7- (A) tl 
m&>-t<Dit&®> (B) WSHIS^^SK^ 

[0 0 18] 

imm<D^m<Dmm] ^m(Dmm<Dmm\z-o^xur 
tzmmtzmmz* ks«hsk^^h75K^ 

40 -&^JgJ^b#^)'eeB»Sr#-r^^ y ^'J >^?PJi«»$ 

z>z.tft-c%2>'b<DT&n\x; <&\zmmti.<m^2>z.t 

[0 0 19] tfTt), '>ft< «t ! b^)£-r^*^7'U>^ 

atSMta-ssB^Au, Ag, cu43<t^pt*^ft 

*»3ft»63B«n**)ll. ^^:«SI02, AhO,, In 
O, . SnO,, ZrO,, TIOi $$£Z£H f O, 

50 a®ic*>yy>j>y»j^«s^b^>-r^c<b^e»*b 



( 5 ) 

7 

[0 0 2 0] -JK\Z. -fSK^SfcUTSH^M 
5. *?tmzm^Z>-1 5 Kii3-&£/tl47 5 Klt&£Jgj« 

tO 0 2 1] JMMSfctt, «WAu, Ag. Cu*3«t 10 
[0 0 2 2] — jRK. WAu, Ag, CufeitfP 

^n*Mt5 c t^a e-nxus [x- • vji-? 

> (A.Ulman) * r7>^Sa7' ^Pyiyhffi*^ 
Se«M«'fk*TCD*ttlie»Bt^©AP1 (An Introductlo 20 
n to Ultrathin Organic Films from Langmulr— Blodge 
tt to Self -Assembly) j (7#-r5 *jtf • 7VXtt 
(Academic Press Inc.) #7h>, 1 9 9 1 ^] „ 

[0023] 7 5/**&tt*;u#*^;ras*T*« 
3-7s/yDH;MM^>. 

12-75yHf-»MM^X 4 -7S7ft7 

iZ-M^OTS/ittn^M^X 2, 

2' -^7S/lfM*7-f Hf«£i:CD75/SSrW-r 30 

[0 0 2 4] 3-^*yf>^ni;*>*, 4-*;iofr 

rh^-^^^gE, 1 0-/M7hrA>l, 12-* 
Jk&7> KfA>l, 16->M7hA^T*> 
BE, 1 8-^Myh*^^fA>i/ii*©AW+y 

[0025] 2, 2' ->'*;i/^->x5 1 ;Pv ! x;i/7-i' 
K> 5, 5' -5?*;p^^v^>5 1 ;pyx;i/7w K, 1 40 

1, 11' -^M+yO>rx;i/->'^7^ F, 'J 
13.£ifimvf$tl&W. Cft&fclftSSft.fc'bOTrttfc 

[0026] ysyssfctt^^sK+^asfl-rsw 

[0 0 2 7] 7 5 7S*ttt*M+-/;PMtf4!6 50 
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mt-syo&mmmtzmmi: ltu, 

>k 2 -7D/V- )V<DiS\^T )Vu-)Vmt^% ; 7-fe 
[0 0 2 8] tft/fUX 1. 1, 2-h'J^DDX 

l, 4 - is**v><DVa%x*-7-)iJkik'£®>. Rifzn 
<b nm&Wi s n * a«. z\n$ <D®mizmig. s 
ft* WMt^ra-^^s ju* 

[0029] 75y»*fe«^;i/^^r->;^$*-r^.gt 

*ft'&*0»a+0«flE»4. 31^. 0. OOU'J^ 
/'J7 h ■>l'~ 5 ^J]// U s; h )]/T$> *) , 0. 1~10 0 
5 U^Jk/'J y MI^JfSLl^. &««*t0. 001 = 
U ^)k/ 'J y MP J; 0 t>*^»&. S*OJKff klftWM 
^^-r^Wf^itcab-5. 

[0 0 3 0] 75y»ifctt^W*^Hi&ft5S 

Hfl:-&«o*«»ci*»aiiflEtt. 10-12 o-CtW? 

£L,<, 1 5~8 01C*«#fc#f*UV». ^^ICJ:«.ja 

3 o»ra~ 6 i»nica:« j; ^mmmmzm&rz z. ta< 

[0 0 3 1] 75 7SSfe«*M4y)H*lrt5« 

sjc©aotfls^«€i»*-r*fc»«c«»T»-6. ci ©ft 

1 0~1 0 O-CrMEE^fcTfToTfccfc^ 
U tifc, SSI, 7;U=f>^C9^7 t ^D-lCTfT 

[0 0 3 2] ^K, SH^SIO,, Al.O,, InO,, 
SnO, . ZrO,, TIO, SOSn f O, frZtiZmfrZ 

[0033] mffi^&mmmz&rz&tt*: 
±®<Dtiazi'7>it£®<D®mzmm-t2>t. 
its®* <»~s u ;pa#ta*ttsis tit^m&u mtt&m 
izgitumftTmm&mtii-rzzLiiWtotbnT^z. 

[0 0 3 4] *»Wi:«^*7 5 /a££t4#;p**-> 

bf;Uh'J^nD->5>, 3 -757 yntfjM?;^ 
DD->7>, 3-75 7 7*PWy^^^DD->7 
>, 3-7 5y7Dtf / lWh"J* h + v->7>, 3-75 
/7Dcf)M3\>l/X* h*->->7>. 3-7577'Dt; 
;Uv*^)P* h^i^->7>. 
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[0 0 3 5] 3-7 5/:/nt£;l/HJXh*->->5X 

3-75/:/ofc!;M3 1 ;uyxh*->->7>. 3-75 

/^PtfJWv 7 ^5 L ^Xh^->->7>, 6-75W*-> 

->5>. 6 - 75y\+->^ h iJIh + ->->7>, 11 
-7S /^>X->^h 'J i7nD->7>. 1 1 -7 5 79 
>f->;l'HJ^h*->v'7X 1 1 -75/9>x->;u 

h u i i- * -> -> 5 z (o 7 5 / a £ * -f * 7 ; u ^ =*• •> 

[0 0 3 6] 3-MJ^h*->-> , J;i'7D^>iE. 3 10 

- HJXh*->->U;u7'ntf*>B£. 4- FU* h*-> 
->UJI/^>SE. 4- hijZh**>->UJ^>S, 6 

- b'J* h ^ -> v- 'J JU^-y- 6- HJXh*->-> 
»j;l/^=^-9->S?. 1 2 - h'J / h + ->-> , j;uF5 ; ^> 

1 2-HJiF+yy'JJH { TA>S!4i:©M!H 
* * -5 7 )l 3 * -> -> 5 > ?> tl-5 . 

[0037] cn^©7s;s*fct^M*->M& 
*t * -> 7 >\t-&<m*m ursttsfflit ti/t 

«. 0<J;U;f, cne>©*b^©^Tn:^i:3£i#SM::ig 

[0038] z.nz<Di'7>fceim*®M-2 j £z>®i&t 

^HbzKlSt ; ^>i?>» Mi<x>, *->u-><z)£n#7?*!£ 
^k7Km;ffi^^^^>. 1. 1. 2-h'J^DDX^ 

i, 4-v 5 ^-y->©ai#x-^;^b^^t*^tf 

5>tl-5o 

[0 0 3 9] L^U ^tl^CD^lCfg^^tl^fcOT 30 
2ttf7 5 / IXIWJ^^ ->JI^S iKJfc b 

rt;-)\,<DDn%T)V^-)Vmt%%) ;TtY>. 2-7" 
[0 0 4 0] 75 yltfcttA^yM^tt^x 

5><b^©i§&*<z)?8fln~tt* o. o o l 5 u^jw/ 

U Wlz-S^U/U >v b)VT3&*). 0. 1~1 0 05 40 
UWJ hJKPS&fflJWf^b^. 75/S*/t«* 

0. 0 0 1 V h^.kdfc^Vii:, 

[0041] 75/»£&ti:fc;w#*v;u*£ ; rr£v' 
^>(b£$i©i§&£ffl^fc$&3Mgte. ffl^» io~i 
2 0 < CT&D. 1 5~8 0t!ifJLK $aBlP#WkM#lc 
flJPEte&t,^ ^gjaSOBtWtt. 1 #63- 2 4 Bf^<£> 
$&Brt<#£b<, 3 0»ra~6B#M©^H^<kD»*b 
V>. 50 
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[0042] 7S /lifctt*M4x;H*wn •> 
5fc£i&©v7><b£^£l&*T5fc&tcfigT, 

«EtLT«, 75 7Stfe»*^=t 1 ->MS ; *t%-> 

^cDiof»i!uajas«. 5 o~2 o o < cw«6H*w* 

b<, 5 0~1 2 0 < CO®ffl*^0jff*b^. 
[0 0 4 3] JK^-plCbT. -f 5 h**S££fcte7 5 h* 

[0 0 4 4] S«^-&bfe*u'7''J >^#j## 

1 a^cD^^s* 2 oa±#-rs7i\ ^.tzit-i 5 

K±Wtl>^UV- (A) ©j§^»CmFffi»«4^«$ 
■fr, #UV- (A) £iuJfB»tttC<b^©«3ii:£2f£l~ 

[0045] mmzmervtzx >ifM&&-fz>'g 
mmt-( 5 h*is-&*fctt7 5 K^«if5ii» 
cDtigMaottifts^'jv- (a) 

4b^©»£-tt-£#&£bTtt> 75/«^fcS*M* 

->;ps©v^n*^2fi£AJi*-r^>^ , j-7- (a) <om 
(a> tfmmr zmm-cm&v. &^t*. nrnzuzij 
[0 0 4 6] *«tcjg-&Lfe*->7' , j>^j* t *r5'e 
cD^*(a*io{^±*"r^)^uv- (a) 

ic-fb#©*s-&s^ffitbT«. (i) 
Mb5] 

-»SC (ID 

Hb6] 

ni^±wr^.^uv- (a) *^i«tc^$-B-, 

V- (A) #^$-f£i§irCifc#U *UT, 
[0 0 4 7] C(Dmm~±K>, ^UT- (A) 
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[0 0 4 8] *^BJIC^ffl-T-5#UT- (A) tt. 1# 
4> II 7 5 y * * ft ;ktf * ->;i/S £ & * 2 -P £LbW 
UTV»**», Sfctt. l»?tffc-«* (1) 

a (in T3i«sn*iRtt*;u#>»***¥tt)a:if©iKi 

ffl^-5#'J-?- (A) «. #U?-ffl 

10 

[0049] ysm&<# w-mmzmrfi-tztztbiz 

tt. JR'JV- 1 «f»fc_hB'&1l6*©»C)&* 5 ~ 5 0 0 3b 
Z>Z.t-hm-£ls<. "fTfc 1 0~ 1 0 0$>Z>Zt&&?) 

^t^cfct)»*u^. (A) 

^JcftM^n&V^t. 5 0 0~10 0^CDilWJL 

<k 1 0 0 0~ 1 0 7J©$&ffl##lc£?£Lt,:>„ 
[0 0 5 0] #y?-*Ml*flW*±T» #'J?- 
(A) itf£$k&<Dm*'ft^-ffim&&?Z>Z.iitffr3iV 20 

(in T^^n^^ig^^wr-s^y^-*^^^ 
[0051] cn&o^yv-fcfcijR-rst. 7u;kr 

5 >, N-y-3\>k7'j;k7S>. N-7U;P->d7 a^> 
f;i/7 5>, N-T'j;i/->i7D^->^T5>, 3-7 
57-1 - -fa f;Hf x;i>x— xJk N-TU^T^U 
4-k'x;i/7x'j>&<>:©7sy»£i:^tj ; Ey 30 

V— , i?7'j;i/7S>, HJ7D;kTS>^©7SyS 

^gc^tr^yv-, 

[0 0 5 2] (y^) T^UJW*, ^Dh>lf. h5> 
X-2-^>^>®E. h^>X-2-y^;U-2-^> 

■r->K. 4 - t*x;t,£&#&&£©#;t^->;u*£ i 

v-b5zi>&. y-tf-a>g£. 3?jt?W?l"f >ftft£® 

#;kK4- ->;t<g£ 2 o^-tj^ y T-Ru^n e. ©^e y 7 

[0 0 5 3] un^O^tt), TUJl'JSX 4-fc* 
n;|/fcf'Jv>. -?W>K> 7l/^St7 7i^JH 
x^;k v >&«S7}c^, -f^n>K, -f*n>fcqE 
y 7j^juxr;^i^ * 3 b < 

[0 0 5 4] **Wfcffl^*#UT- (A) tt, ±12^ 

y-7-*^31«ta-5^ ;v-cD*tJfiU7-, xtt-tti so 
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€> t BJt&ft^: y t © u its ij cd uTn-p$> 
oT*>«k^. ^n^xt^S'&BJIEJi^yT-w, 

5t/7-, fclAli, 7i7'jD-f bfx;t> 

•5. 

[0055] z.ft<bv>&m&-zjmts.m&&^ma-mte 

;k XfMUf-JUX-^Jk ^PtTJI/fXJl/X-T-Jk 

7>;nfx;vx— xjk -fyyf^h'-jH-fiK t 
- ^;nfx;kx— r-;k t -^>3\)Hr-jux— r 
;k 2 -x^;p^->ji/fx;i/x-x;k Kx->;Hfx 
;i/X— ^Jk if Uy^ijn-^^t'-^x-f 
jk MJ (x5 1 i^>^U3-;u) y^;nfxjkx— x- 

->^DA.^->;i,k*-ji/x— ^;k 2-i7DDx5 1 ;i' 
fxjux—T^k x^b>^u n— jnfx;px-x;k 

1, 4 -^>5?^-— ;nfx;ux— 7=-;k i, 6-^ 
-y->v^-— ;nfxjvx— yx9 L i^>^ij 
x;UX— f )Vtz£<D7 )l$-)l\i-)VX.—y- )im> 

[0 0 5 6] 7 U ;kx^jkx— f ;k 7 'J tfjux 
-T-Jk TU^^^kx— 7>j;i'-i, l, 2, 
2 -•? h77MDif;n- 7-;k 7'J;u- 1 , i , 

2, 2, 3, 3 -'\*1*-7Jk*n:/Dfc\JkX-T- ;i/f«ti: 
[0 0 5 7] X^l^>, a-y^7.5 1 U->, a, 2- 

y^;kx5 L i/>, 3-y^;ux^i^>. 4-y^;u7.? 

l/>. A - t -^)VX^U>. 2, 4-i?y^;U7.5 1 
3. 5 - : J^)V7.^V>. 2, 4, 6-h»jy 
^)V7,^V>. 1, l-y7iz;Hfl^>4ffflXf- 

[0 0 5 8] 4-bfx;nf7xx;k 2-tfx;k^75' 
U-^, 9-t*x;U7>h7-fe>, \ -M~)\^MVyn.E 

<D^0m^mm<D \d-jimm^ y^;p (y^) 7^ 
uix-K x^;l- (y^) 7^'JW— h, (y 
^) 7v"Ji^-h, -fvy^ju (y^) 7V-UU-K 
t-^;i/ (y^) 7^uu-h, ^->^ (y^) 7 

^'Jl^-h, -fV^-^^JI/ (y^) 757'JU-K 2- 
IfJlA*^ (y^) 7^Ub~h, ^-^^^^u 

(y^) 7^UL— h. -fyjj?;ux;p (y^) 7i"Ji/ 
-H^t*© (y^) 7i"J U- h^*tf 5.n-5. 

[0 0 5 9] ^Tfe^U-f >gf, VK>»t/7W 

K^&y 7;wuxy l ?-;k*ittt-f ^ a f© 
lfS*ttt/7-i:0^I§ttjl«Il>ct*»6. 7;U 
tf x;kx— r^;u« * it ttx f > £ «x f 1/ >m 
mteti t*©«ip^#tt^ y v-sj^t»* v < m ^ e> n 

-5. 
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[0060] ±^£D5jt'j-7- (a) zmmzmM2-&* 

(A) ®^*«®$-&T, #UV- (A) &tt£tt£ 
[0 0 6 1] #'JY- (A) bT 

)im. N. N-y^fMM75K, N, N-5>*^ 10 
**#'Jy* MJ75 Ffcg©#7n h>tt«tt»«. 

*sss3K&£* sfctt^ns ©«•&«&**£ tfsti*. 

[0 0 6 2] tf'JV- (A) 
|&©7tfU-7-i§$£©iBgWu 0~ 1 5 CCT-fcO. 15 
~1 0 O'CftSffSLV*. »*rt#U^- (A) ?§?&<»:© 

[0 0 6 3] »»**yv- (A) *«^6»bfc«0 20 

»»©ifetMMm. *©»©#'jv- (a) zmmm 

[0 0 6 4] *ic, *uv- (A) *<fc*Hk*3HJ:fc» 

<b-a#) (B) Ilttc J: D. **l*iB 

Mflfcjp'JV- (A) «f©*S)S©±IS©'S^S* 

fzitm'S&VLiitt.'&yi (b) ^©*^#^r->;w»*fc« 

7 = /»t©#SffiSftMB, 3R«tt©ffiSflUBX»4#* 30 
^^UT, ffr&to (B) *»«±©#UV- (A) 

[0 0 6 5] #89IfcfljV i *'flS'&to (B) «. 1^* 
£7 5 ^ISJfctt**** 2fiK±ftT 

it^^M^'t^t, X3=-U>S>75>. 1, 3 -'/7 
5;7D^>. 1. 2-y75y7aA>, 1. 4-v 5 
75/7^>, 1. B-J>75/^>. 2, 2-S? 
*^)V-\, 3-7"D/t>->*7 = >. 1, 6-y73 7 
^■9->, 1. 8 -5*75 1. 10-v7 40 
1, 12-^7S/Ff*>- 

[0 0 6 6] N, N' -v7y^;PX^U->v ? 75>. 
N, N* -i?I^X5 1 l/>y7 5>. N, N* -5>* 
3-7PA^7S>. N, N' -v^fMl/ 
-1, 6 - A+-!f>y7 5>. 2, 2' - (X.^U>i> 
-If 7. (X?^7 5» . 1, 3-y75 7- 

[0 0 6 7] yXfl/>hU75X N- (2-757 5( 



#H 2002-370310 
14 

X^;i/) -1, 3-7P^>y75X N- (3-75 
;-?U\iM -1. 3-7D/Oi?7S>- MJXf 1/ 
>rh75>, h'JX (2-75^xfM 7S>. r 
h^Xfl/^^SX ^>^X?U>^^-+t5 >/S 

if©T 5 j a* 3 -o^^r^immc^m. 

[0 0 6 8] 4, 4' -^5 1 ^>t*7 > ( -> ? □ v^P 
7=» . 4, 4' -^^U>f7 (2 -*^;l/->£P 
^->JU75» . h7>X-l, 4-775/^Q 
*\*V>, 1, 3-->^D^-y->t'7. (^^75 
» &£©7 5/«£2:3Wt-£a&»^fc^!K 

[0 0 6 9] 4- (75y^f;w fcT^'Jv>, 
vy. 2-*7)i>vu*s>. 2, 6-->*^^;utf^7 

hr>>X-2. S-y^W^^^X 1- 
(2-757X^1-) 1, 4 - h'Ts (3- 

TSy^DtfJl/) \*^ S J>. *: ; Etf^7v ? >. 1, 
4, 7-hV7*f~>!rBS1->, 1, 5, 9-h»J71f 
F?#>. it<y*b'>, h'J7f i'i'Df h5f 
HU71fi'^n^>^7 ; #>&£©75/»£2 

[0 0 7 0] 4, 4' -Ifk>v7XiJX 4, 4' 
-/7l/>-77xU>. 3, 3* -^fl'>y7xU 
>. 4. 4' -^->-V7-U>. 4' ' . 4* ' ' — 

/*->7x'J» . 4, 4' -f^7X'J>, 4-7 
5;7irjl/y7Jl'7-f h\ o - h)l-i z?>* 4, 4' 
-lfl/>-7-m-FMy>. 3, 3' -^757^ 
>i?v>. 1, 3-7iZl/>y75X 1, 4-7i 
XW>v>75>. 2, 5-y^^- 1 , 4-7xXl/ 
>-775X 4, 4' - (^^-y-y^P-f V/OtfU 
x» -77XU >, 3, 5 -y75;gtfi, 3, 
3' -^h^>^X 1. 5-y75/t7^ 
ly> s 2, 7-77S;7Ml'>. 2-75/^ 
;l/7 5>. m-*->'J U>v7 5>. p-^>UU>^ 

7 5 £ © 7 5 j a * 2 -o ± w-r a n mmit^m 

[0 0 7 1] ?D>t, 7^VD>S, X^vn> 
2, 2-?/fA3Af«, 2, 3-y^fJ^Af 

)i?)m> 3, 3--j*^)u?)i>?)m* 7w>&* 

5-r>K> -feA*->>». i, 9 -/*>5?#;m<>*. 
1. i 0-x73>v7a;^>^, i. ii-f>r*> 
iS*i)l&>Wt, 1. 12-Kf*>v } *M>8. 1. 

1, 2, 3, 4-7^>T-h7*;U#>eE, VW 
I [0 0 7 2] h7>X-7P>^>R> ^7MD 
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m, 3, 6 =r*i>ifv 

n 'J 3, 3' -^JfrS^n 3, 3' - 

2, 2', 2'", 2 ' * ' — [ 1 , 2-X*>5>-f>J 

[0 0 7 3] 1, 3-->^D^\+-t>->> ! *;u#>®E. 
i, 4-->i7D^+i->v*;^>s?» r, 3-t^t 
>^>v ; *;p^>k, l, 3 -yy^y^y^mwts io 
l. 3, 5-->^D^-y->hu*;u#>K, 

[0 0 7 4] 1, 3-7irl/>y»|S, 1, 4-7i 
-V>yffi- 4-AM*y7i;+vBS, 1, 4 
-7lZk>y7'aW>l, 1, 4-y^—U>~J7 

*y;H», 2, 2' — rsy^ftJBLStt. 4, 4' - 

4, 4' -TV?*;!**, tU7 20 

5>)im. 1, 2, 4-^>-b*>h'j7j;^>gE» 1. 

3, 5-^>-tf>h'J*J^>S?, 1, 2. 4. 5-^ 
>t'>rh7AM>t. ^'J5 i >K4, 4' -f7i 

n;i/>'*ji/#>se, l. 4-^-7^i^>> 5 *;^>K, 
(b) iit. mm<D7s.ym&tzi*ti)\'?$*~>)i> 

[0 0 7 5] dftSccof-Cfc. S^gl'sCKf^f^ 

If l/>y75>, h^>X-l, 4- 30 

[0 0 7 6] j§«fc<k-&#) (B) 

(B) -frSiSiKW:. Kfls^»***T*. 5. 

t5t«jg«t LTtt, «iJAH TJUzi 

— ^rh>^. x— t-jms, n, N-s>*3=-;ujfr;p 40 

ATS h\ -7^^X^*y PO*0t#7D h>tt« 

[0 0 7 7] ft:** (B) ££**£©«ftfe$!ll?i&«tt, 
0-1 5 0t*W$t<. J:t)*?£ L<«1 5~1 0 0 
■CT&So *LSI$Mttl»m~2 4l«m. ffJKttl 
0#fy3~8l*Ffy?T&.5. 

[0 0 7 8] mt^m (B) 
«. »**f©«s»fcfflV»*»j«tt. {b*4£l (B) 50 
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[0079] <k*#i (B) tmtt tcD&temmmzmtt 

*>y^'J>^J<»:^U-y'- (A) . tf'JV- (A) tit 
S® (B) tOBBO»«*Sf^ffl**Vi»i5R*ttfl!)ffiS 

^t**-ra;ii*«T**. AtiKMaa&ftti. 100 

~5 0 0tWSL<, 1 2 0~2 5 0*C/5i<tO$f^L. 
COlDJRMaatt, *JETfcfTr>Tt>J:&». 

[0080] nonwaaLfc*»fc. ic#U7- <a> 

(a) o»«*a5tts-a-fcotHi*fcSs«*-&. 

(B) ©*s*B075ya*fc«*;i/jp+->;i/StcDP!] 

(B) fc#UV— (A) fcft*****. 

s*r*±ao*ttT, azizitG® <b> 

S-e-T{k-&* (B) £jp>JV- (A) fcft¥»*F3iifc 
»)JSW#'J7- (A) tit^m (B) tWJSDjIL. 

[0 0 8 1] COIgOHoilLftl:, J8v**# 

•J V- (A) tffr&fci (B) 

itA'Tts. -r /BUSt^U^— (A) t<k& 

® (b> oaa»*nD«bis««cn— "c*t>T , b»«t 

*i»T»9Tt)AV». fftf.OiSS;©#'J'7- (A) 
Xtt<b*#J (B) £EV»*#iJV-*«©tfMHtt, 

[0 0 8 2] #'JY- (A) titte® (B) 

rttcjpi»«is*fTt>-r»c^«jv- (a) tit 
«waa*fT3i:t»c«j:o. *»s*fcjj«u^- (a) t 

it&® (B) t**i»i>T— «fc7S K*S^*fctt-f 5 

[0 0 8 3] Rl— ©#IJ7- (A) £ffc£«> 

(B) ©KSrtgic, ftAMEL9tfTV>. XKiPyv— 
(A) «Mb£#l (B) ©aj»**AT«3»*ff^. toy 

[0 0 8 4] *5!^CDfflijfi7j*fC«tn«, 1 nm~l 0 
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m& <t s y a - ?mwL&t \z «t * ^® :/ d ^ 7 ;v 

#.««<!:R m . M (gfK¥*3E!lS3) 2. 0nm» 

ft[I*.TV>-5. 
[0 0 8 5] 

[0 0 8 6] m^ftmiZ. f¥ffi^«rEATiC*-r. 

(1) x'J^V* HJ— : He-Ne V— If— ftftiKi 
IfclftX'J^V^-^- (7*h5 s /HXBMARY 
-10 2) *JHV». A»ft7 0' KT#'JV— »BIO« 
JSftaUELfc. 

[0 0 8 7] (2) (FT- 
I R ) : 7 - 'J X^^#^^7t«l+ ( A-f *-77F 
8JFTS-60A) ftJl^T, SitKiR^-H (AM3i 
8 5° ) fcT#y7-fHlOFT-IR7^ HMII 

[0 0 8 8] (3) X^«^»7t»«f (XPS) :X 
«3Wf-$Mt*»rlJt« (AiMMtMJrE SCA - 8 5 0) 
ftfl!<^ X^ilg^MgKatLT, #'JV-»l0XP 

[0 0 8 9] (4) Jg^M*B«fiS (AFM) : 
•7u-7m®iWt (t-f3-lTSSPI3 7 0 0) ftffl 

-r;uftS!neu&. 

[0 0 9 0] 1 >*®<:J^£ 15 0 nmCO&S 

/U y h;KDX^/— ^SS't'tCS 0*C-C3^jS*U 

[0091] z.<D^v\zvxmzmM^u-i 

^fi5 0, 0 0 0) O«l0jIL.^^feD 0. IS 

\zmm?z>z.tiz&K>m&i<. &\z&muxiz£K>zra 

—$Zm-2i£tz. rtl^fflli*. Ii (ID twtz>. 
[0 0 9 2] *tC, X?l/>y7S >W2 5 

5 >J ^k/U v h;K& h;i/X>^(C^jaT 1 B#F«3§Jf 

■e-fc. ;m<=><z>xiift, xji on) 

[0 0 9 3] MtC, KSl*ft 1 8 OtOfiiWTO. 0 

i8 (iv) twr*. 

[0 0 9 4] £ <D<fc 5 IC LT4tfcSI* SEtCXil (I 
I) ~Ii (IV) ZmQ&lsTft^ZtiZ^D. 7H 



ftlS <k Ufctf U T-IWlft*"*-**** ft*fc. 

[0095] mzntztfv-v-Mm&G-rz&tti'^ 

T, 18 (ID ~Xf§ (IV) ftl~l OEliSOSgU €• 

Lmmz&tt.?mm<D&it$:i®i\z*Ltz. *'jv-i 
mvmmt* xa an ~xs (iv) ©«iojIl-h]»jc 

tt^JUTJiJO-rS^t^fllSJStl, 1 0@l£95gUT# 
e,nfe^M®MJf«l 0. 9nmT$>ofco 
10 [0 0 9 6] 1 0@<D$DigL&ft^£#£>ftfc#UV 
-SDKft#T*S«fct3ViT, FT-IRSHt. RtfX 

> <h 3 ^ U V- <h X5 1 U > v 5 7 5 > £: ©FbIcOT 5 
Y-^lBtXf-^ 5 F*"&©£JfoW*R3*i;fc : v c .,, 1 
64 0 cm" ;v,.„ 17 0 1cm"' ; Ni.fi^X^ 
)l*r—, 4 0 1 e V. 

[0 0 9 7] AFM m^mjjffi&te) 

20 4 8f%mmm-tz>mmm ; rxh\z£r). ^-rnhmmm. 
[0 0 9 8] u±<d^x. &m±-\z-?u-i yfk^y^ 

Lfco 

[0 0 9 9] <*&6taj 2 >Xg (IV) &ftt>t£^IZU>l 

*iS0y i ti»i^icLT#fea«ft i 8 o < ccdss« 
to. o i p a&.r^ms.TTe^mtamnamL-x. v 

•?~-&m&wm t ufc# ij -7-^Kft^-r^>*«ft# 

[oioo] #?,n>t*'jv-»Mft*-r^s«i-^<' : ' 

T, Ig (II) ~Ii (III) ft l~9@«»0jELfi-c. 

fcm. afctffcttSWftHnWHSSbfcftTr, *l»©iK/ift 

\t. ig (in ~xs (in) tDmomvmmzitmv 
xmioT^zLtiimv&^ti. 9iEi«it)iiLT#?.nfc* 

40 CDKJ?«8. 8 nmt^ofc, 

[oioi] 9tHi©«i0jib^«fciin^abT#e» 

nfc#UV-^ft#-r^S*J^OV^T, FT -IRS!) 

Rotxps^w*^. •7L^f>K ; ey y^;uxx-f- 

Vc.o, 1 64 5 cm" ; v c „, 1 7 0 2 cm"' ;N,, 
ig-&x^;l/^-, 4 0 1. 2eV„ 
[0 10 2] AFMW^. ^fi'tilC^nfeS® 

so djr;ua. hji/x>ic 5 0*0(^x4 8B*r B iaaT^iB^ 
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#j-r x h \z «t o mm m izmwn v» % ^Bi$ 

[0 10 3] JW±0*ftT, ^litVK^t;^ 
^UXT.T-^tT.^ 1 b> tOSS3# 'J -7-£«§fi£gsfi 

b&. 

[0 10 4] <*J6«3>I8 (HI) IC*5^T, a** 
£X3 1 b>v > 75>©2 5 5U U y b;k£) b;i/X 

>^tc^iST"ll^F B ^g*bfc^, f£*g&*^£l&0tij 

b, Y)vii>*\zmm.?%z.t\z&y)mfr-? : bftt> ] o 

\Z. ***£*'J7'J;KT = > (iI¥WI15, 0 
0 0) <DmQMU£tiL)£tzO 0. 1 5 'J^Jl//U -y 

a»&i*»jmu y * y -Ji/* icgarr & z\t\z&o 

b/fcUAfl-te* £jKffll tWStfcbT. ?h y 

f^xx t y. ^ > t # u zmtftmrn 
[0105] »sttfc#'jv-»Hjtsirr*as*tK:'3^ 

T» IS (II) -IS (IV) £l~l OEJISOiSb. & 
EfttCXUT/yy bU-tCtOBlJSSrlRl^b*:. #'J7 
-iSBt<Z>»l/Ste> II (II) -II (IV) ©^OilblU 

mzitwLT mm-tz>z\ttimmi<n. loimiosgb 

[0 10 6] 1 0Iel©|S0igb^^e>^enfe#Uv 
-»JK**-r*»»te"3^T, FT-IRjfl!l5t, RtfX 

> £ ©322 XI tP "J V— £ # "J 7'J ;W7 5 > £ ©R3<D7 = 
F»^RIMS HtS-&©*J«**WBanfc : v c . 0 , 1 
641cm" 1 ; i/ c . , , 1702cm" 1 ; N, , SS-&X*. 

, 4 0 1 e V. 
[0 10 7] tLfc. AFM»e>. ^fitttC^tlfcS® 

ya77-f;w««^n, -7j. x*y-jk *p 
o*;w^ h;i/x>ic5 0T:k:T4 8i*M*fifrr*I«S 
SJ^T. He «t01BIJiW£gjfca<frv> i«^«S£ 

[0108] m±0^mx\ *i±i:7H >8^y y 
bfc. 

[oio9] <mmm4>%miz<stmzmmisfz%7* 

McDS^fcft^T, SBCJPS 1 5 0 nm©&Jg£§Sj|SI 
tfc#iJX5 L l/>rl/7^1/-h (PET) WKIIXtt 
*JMWl£W«K:bT, VK>»1 
y y f;i/XXfA £ b > t ©3c2xi # 'J v- ZffirfL 

»*t bfc# »j v-»K**-r*ai»t»fc. 

[0 110] »Stt&#'JT-*Kfc«T*35#lcrn» 
T, IS (II) ~Ii (IV) £1-1 OEHHOitU & 
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-»«!©IJI/Ste, IS (ID ~I8 (IV) ©JgOigble] 

*fctt«bTiiio"r4i:t3&«a»sn. lOHtftoiib 

TUSnfcilllfflilttll. 5 nmTfc^c. 
[0 111] 1 0@©&0>Eb$ft^e>f#£*lrt:#'J v 

-Jtms^rr-sasjfeftcoviT, ft-ir»6> ri*x 

PSM4»6. 7K>Sty^WXXf)^Xfl/ 
> t ©£2xi # «J T- 1 X5 1 b > 5? 7 3 > t ©ffl©7 5 
HtS^RrW 3 F»S©£rica»«BShfc : v.... 1 
640cm"' ; v c .o, 1 7 0 3 c m" ' ; N, , 3g-gX* 
10 )l*f—, 4 0 1. 2 e V. 

[0 112] £7c, AFMW^, WtilCffinfcS® 
yD77-fMIgSn. —73- 7jc, X^/-;k {7 o 

o*;^ K;i/x>fc5 o , c(ct4 8^ra§wr*WiS 

[0 113] ^_t©7y}£T\ 4I±fc7H>Kt;^ 
fJl'XX xJI/ £ 7. ^ b > £ ©3c2xi * U v- £«|jE£gPji§ 
<hbfc, BB?fttt*«K<. J***!«fc:«n. 2o«®¥ 
ffitt©jH$? ij v-*tt£*-r * P E Ttt 
20 «5»bjfc. 

[0 114] <^M^J5>^®lC^P^®fJRbfc^7X 
ffiiO*«ic«^T. 53«a«*fflV», ifc. IS (1) 

-;^M«ic5 ot:T3B#FBlS»bfc^, x^y-;i/^ 
Te#^gt»-r4«t)0ic. 3-7s/7'pif;i/huy 

y y ^;wx^^;utx^b>£<D£Sxi^'J v-^flfefc 

coils] '&t>t\ft7$v?- : mm*ftT2>&mz-o^ 
x. is do ~ig (iv) ommvmv. & 

Eft »c x U ^ V ^ h U - i 0 BOH **« b fc. # U v 

is (id -is (iv) ©i&ioigbiH] 
*fcjt0SbTJtip-r*iit3&*«Ban. ioBt&ojgb 
Tmzntzmmommui i . 3nm-e&ofc. 
[oii6] i omvmQ&ismftfrzmzntztfv-? 

-»BIS*-r*»#IC-3V»T, FT-IR»!l^ Rt^X 

psm*^, vb-og^y y^uxx^jutx^b 

40 >£©3SSa#'J V— tXfL/>y7S >£cDM©73 
HIS^RW-f 5 K*S^©*l««qiBSnfc: v c ... 1 
642cm" 1 ; Vc.o, 17 0 1cm"' ; N, , ^-&X^ 
Jl/^— , 4 0 1. leV. 
[0 117] ifc. AFM^f,, ¥S14tCffinfc*ffi 

o^jia. b)i>^>\zs ox:i,zt4 8mmm&?z>m® 
sy^y. h\z£K>mmm\z&it&tz^z\tfr£>. m*m$: 

[0 1 18] £U:<E>7j8rc\ VH>Sty^5 : JI'XX ' 
50 ^i:X?b> 1 t©35S3#'J v-Sr^fiKS^t bfc. 
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«i*s&tt*«rt<. m&mm\z&n. iogB¥stt©a 

[0 119] <HJ60iJ 6 >I8 (IV) «frfc>ft»r»£tft. 

a. mmms twicuTHfestj*. i 8 o < c©nia 

«T 0 . 0 1 P a JWTWMKTX 6 ttnAHIMB9 l/T, 
7H >K^/;*^l'XX5 i Jl'tX3 1 b><htf>3<?5=># 

it. 

[0120] #6nfc#'j^-»ii**-r*a*fK:oi» 

X, IS (ID -IS (III) *l-9HI|»DSbtft> 
tt. Ii (ID ~IS (III) <Dt&*3>gb[pJ$:K:it0yb 

Tiiin-rsc: t&mv&zn. 9iius9jibx#'&txfci* 

0t<aKJ9t£8. 9nmt»l3. fife, iD8&&31«<&»K 

[0 12 1] 9BO»0igb»ff»KllIlS»aabT»6 
nfc#»Jv— H«*#-r*X*tfc"3V*T, FT -I Rill 

;u i X b > 1 03?Sn # »J T - <h 1/ > v» 7 5 > £ 

vc-o, 164 1cm"' ; v c „, 1701cm" ;N 
, , *g-&X*;U*-, 4 0 1. 2eV. 
[0 12 2] AFM^f.^FSttlCfimfc^MT" 

[0 12 3] m±cD^ffi-r, TW ^Kt/Zf^x^ 
^ £ X b > t ©3cS 3 # 'J V - SrfllfiSg* t b fc. 

M^^it* t ie:<, j?*-fii«tc«n. fios®¥fitt<o& 

iff ^#'J T-»K**-rs5^»«Sr#SSbit. 
[0 12 4] <*M^J7>X5 1 b>v > T5>©^D 

*SS^J5<hl^ifll(CbT, VH/tt^f 
;HXr;P t X5 1 b > <fc C^Sa * 'J «t 

[0 12 5] »6tlfc#'JV-»J«*#-r**»fcOV» 
X, Ig (II) ~Ig (IV) £1~1 0IeI$DSEU & 
E«tl'J^V^ HJ-tC<fc OKJPSr^bfc. #'JV 
— »BI©IBIJSte, IS (ID ~Ii (IV) ©JSOilblH] 

^ctctk^jbTiisn-r-5c«i:*tit^$n, io@giDiEb 

T#6nfc»«lOl)t»tt 11.7 nmX&ofc. 

[0126] 1 oiHjw&oiiLSifi^&^ttfctf'j^ 

>i:CD32S3#U -: <'— t b7>X- 1, 4-->£D'v* 
t>y*7 5 >tcDP B lCDT5 F SCRIPT 5 F3g"&©£fi£ 
#$£Ig£:ftfc : vc.o, 1 643 cm" 1 ; v,.„ 170 
0 cm" ; N, , SS^X^M 1 -, 4 0 1 e V. 



[0 12 7] AFMW^, W-tamz&ftft&ffi 

yay 7 -()^m^n. — tK, x*/-;k £d 
D7h;uA. h;ux>tc 5 0^:^X4 smfflMft-fzWi® 

[0 12 8] UA±CD^SX. ^^/^Jl'XX 
x ;U i: X ^ b > £ © 32 S n * 1 J v - £ mfc K * t b . 
JK««tt**K<, J¥*»«I-fllti. J.^ffl¥Stt©& 
#&#U-?-?tJ»£WTS5^ai*£f£8ib*:. 
10 [0 12 9] <#U60iJ 8 >IS (II) IC*5^X, 

^-g^ / ;* fJH^f^ <h X3=- b > £©3523 # 'J V- 

50, 000 ©ttt> 0 tc. 

^fi7o, 000) £jBv>fcewm. *&E0y 1 -tn 
jkhcl-x. vwoBst^ji/tfxji/x— rfrhoy&K 

[0130] '#e.n^#uv-sjK**-r^s«tc^vi 
x, in (in ~is (iv) *i~i oejsojIu & 
20 metcxu^y/ h-'j-tctoMi^^jii^bfco 

-^KOKiPtt. IS (ID -IS (IV) cD&DSgblHl 
^cictk^jLxiiira-r-sci^il^^n, 10lnl«*0jgb 
Tif-tlfeSIIOiWll. 3nmX&ofc. 

[0131] 1 on]<D«ioiibSf^^e.#&nfc*»jv 
-»M^*-r^s^tc^>v^x, FT-IR^. RtfX 

35S3#UV-i:X^b>> J T5>£(DP B ^CDT5 
Ry:-f S H^-&O^J5£^5t^Stlfc : v..,, 16 4 2 



c m 



; v c .„, 1 7 0 3 cm"' ;N,,^I*M 



30 — , 4 0 1. leV. 

[0 13 2] £fcAFM»^£¥fittlC&n£:<cffi:/0 

JUA, hJl/Z>!C5 CCICT4 8^fMT5i^if 

[0 13 3] u±e>Jj&T* ^I±l;-7W>Sc^? 
;p fx;ux— x;wicD32Srj# 'J v-£4itj£gSti b 

fc. ^^14^S5<, m&mmz&n. a^^B^att 

40 fc. 

[0 13 4] <*SS0iJ9>lS (II) (CfeV^X. 
>K ; E / / ^JUXX^ JU ii X^ b > t (D&KU # >J V— 

(it?^fi5 0, 0 0 0) CDft^OtC, 7K> 
^£X^b>i:CD32S3#U V— (a»¥^^*7 

o, ooo) zm^tzizxtut, &mm 5 tmmtz bx, 

•7 l^-f >lf £ X3 1 b > £ ©32S3 * 'J V- t 

[0135] ^snfe^uv-^K^wr^swico^ 
x. is (in ~is (iv) s 1 ~ 1 o[Hi«*ojib, s- 

50 HJ*lcx>J^ , V^hU-fc«J:DBI**W«bfc. *'J7 
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~nm<omm\t, xm un ~x@ ov) ©^ojSlihi 
[0 13 6] i oiHi©^0)EUii^^e»^e.nfc7t?u-7 

— «BHE*rr<&8#K"3HT. FT-IRiD5£. RtfX 

^©£jjt*«llBSnfc. : vco, 1 6 4 5 cm" ;v 
co. 170 1cm" 1 ;N„^I*K-, 40 le 
V. 

[0 13 7] AFM«i^. ^StttCffitafcaffi 

Dtfui/A, Wi/X>ic 5 oiCi:T4 8EMBJ««T*>ffl& 

[0 13 8] BLh©7*i£-C. -7W>ttXfl/>t© 

[0 13 9] <*Jfim 0>XS (II) iCii^T, Ti/ 
— (IM^iSO, 0 0 0) iCftAT, 7W> 

tso, ooo) s^^fcuwi. njseu tmmzv 

[0140] f§e.nfc*uv-»m*wr^*t*ic-pvi 
t, xm (in ~x@ (iv) £i~i ommomv. & 

-iicisa. is an ~ii (iv) vrnvrnv® 

Tmztitzmmommtei 1. 2nm-e&o£. 
[oi4i] i oia©«iOjgL^7&^«&nfc^UT 

-^m&*T-&»«^O^T, FT-IR?BI5£. RtfX 

5 Ftt£©£j*sW«l83ftfc : vco, 1 6 4 5 c 
m" ; vco, 1 7 0 2 cm" 1 ; N, , *gr&X*;M?-, 
4 0 1 e V. 

[0 14 2] £fc, AFMti^. JFSt£fc«nfc*H 
^□7 7^J«$n, -75. *. x*/-;k *n 

femmwisntzo 

[0143] tui©7j*rc\ &m±\z^\s-o&m*m 

[0 14 4] <SUS#I 1 1 >X& (II) IC*3UT, 

■i>m^y /g 1 ;i/x7>^;i/tx5 1 ^>to55S3*!'j-v 
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- (Ii¥^i5 0, 0 0 0) Kft*.T. -7H-> 

S5o, ooo) *jBi»fcantt. f^ifiM 2 tragic l 
[0145] fcsnfctf'jv-WRsw-rsswfc^i 

T, X8 (II) -II (III) £ l~9leH&i9jgWTo 

io «. xe (in ~xe (in) ©»o«bia»fcit«u 
•zmtrtz z\ ttfmv&zn. 9ia«DjgbT#6nfcj» 

©MJf«9- 3nmf^fc, 
[0 146] 9 0O|»»5iIU»ff«KllDj»ailL.T»e. 

^, RtfX PS 7K>SI*itXfl/> 
i: # U 7- 1 1/ > y 7 5 > t Of B 1(D7 5 h* 
IS^RIW 5 F«^<04»toWtB«nfc : vc„, 16 

4 0 cm" 1 ; vco, 1 7 0 2 cm - ' ; Ni , SSl^JI' 
20 3r— , 4 0 1. 2 e V. 

[0 14 7] AFMi^e, MttCflint*! 

:/o77-r;p*t«*Sft, —73, x^y-jk ?D 
D*;i/A, h;i-x>tc 5 otl:T4 8B#Hflg8rf -5iHi8 

[0 14 8] £U:CD7j?rc\ &Ji±fc-7l'-f 
30 [0 1 4 9] <**«1 2>XS (ID tC*3UT, Vl^ 

-r >m^ j * f^xx t t, u > t # u t 

- (iif^iso, ooo) icftAT, ^r^a> 

14 2, 0 0 0) *fflV»fc£Wtt. 1 iHUttllCL 

[0150] i§e»nfe^'jv-^)K*w-r^»«ico^ 

T. Ig (II) ~xa (IV) $1~1 OlsIilDjlb, # 
E«fcx'j^y^ hU-fc«kOffltJP&WJEl/fc. 

40 -^McO^JPttv Ig (II) ~Xg (IV) OiNIOigLlHl 

mzitwisTmmT*z.tt>m®zn. io@ion 
[0151] i omomofe vmitfr &»e> n«i# u v 

-»M**T*a*tK:oV»T. FT-IRSfl^. RtXX 
V-tX5 : -l/>>'75>tcDP B 1(7775 H^RcK-r 

5 Fm&o&f&wmmzti-ft :v,.„ 1 6 4 5 c 

m ' ; vc.o. 1 7 0 2cm' 1 ;N,.^l*M-, 
4 0 1 e V. 

50 [0 15 2] AFM«*5. ¥S1±»C«n^«H 
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? 7-f ;i^ffijg£tt. *. x^y-;k ?p 

[0153] £A±o*sT, &m±.\z^ $ nymmim 

[oi5 4] <nmmi 3>&m\zm-z 1 5 0 nm©& 
o*n?3BSM«*bfc«. Btoaibx^y-;i/4>7?ie« 
[0155] nsnfcSB*. #'j7 | j;i'7s> (as 

W»«1 6, 0 0 0) ©*Digb*ffi3fct)0. 1 

nsatb^tt. s*d tub. ^^y-;u*tc 

tt»s-a-fc. cne,oigi&, xs (vn tm-rz* 

[0 1 5 6] ifclc. IgS^Sr. a/\9WW>2 6S'Jt* 

fc. ^nsoxs*. ig (vn) tsfrrs. 

[0 1 5 7] HIC^S^ 1 8 OtOfilttTO. 0 1 
PaKTO«£ETT6l*MlO«Waabfc. Cin&©XS 
Sr, XS (VIII) tfi?-r*. 
[0 15 8] 2:©J:5lCbT»fc*»fc:. JSfc. ie 
(VI) ~XS (VIII) &mQMl,TfT5Zt\Z.£K). # 
•J 7 U ;P7 5 >£«tJ5fc^5ii<i: bfctf'J 

[0159] »6nfc#uv— *atft*r**»»c"3^ 

T, XS (VI) ~Ig (VIII) £1~1 OEIIftDSU 
§0«t:x'jyy^ hy-lcJ;DKJ*SW£bfc. #u 

-v—mmommte. xs cvi) ~n (vim ©1*031 
^mmzitmvTmk-r^^ttm^ti, 100*510 
mvTnzntzmmvmmizi 0. 1 nmT-fcofc. 
[0160] 1 oiao»t)fibitfpa»s»&nfc#U'r 

5 K*S-&©£Ji!ca»WBSftJfc : w.i, 1 6 4 5 c 
m"' ; NlKS^X^JI/^— . 40 leV„ 

[0161] *&, afm«*>6. w-^mzmtiftmm 
yuy 7 -i *, x*y-;k ^p 

p A , h JUx > ic 5 o "C \zx 4 8 1» HS*? * SB® 

sjf^ v\ziLK>mmmzmtwtz^z\}zfrt>. m^was 

[0 16 2] £JU©#ttT. ^JI±(C#U7'j;U7S> 

ftt)«»*ti/fc. **stt3W«<. jp*«sic&*. 
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a^«H¥«tt©fi#fc#y v-*iis*T*;tr9;*M 

[0 16 3] <*Jg0iJl 4>Ii (VI 1 1) *ffto*Hfil 
fl-Wu llliMl 3 iH*KbT»fcS»*, 1 8 01C© 
ffififfT 0 . 0 1 P a EtT©»ffiTT 6 RtfflJnSBUfflS b 
T, #U7U;i/75>*«J«S#i:Ufc#«J v-»M* 

[0 16 4] »6tifc#U-7-»K**-r**«flCOlr» 
T. 18 (VI) ~Ig (VII) *l~9ElitDfibfr3 

io sttfictt*4**insiwaabfca-c, gffli©igij?£ 
xij7"y^ h'j-ictDjw^bifc. *yv-«K©aw 
k. xs (vn ~ig (vn) om^mvmmzitmL 

XWta-rz>Z\i:i!>W$&-Zn. 9@l&0jMbT#'=>n7cat 
I®Iftt8. 8nmTJ0. aotgUffl3&©»BI 
©M/¥te8. 9 nmT^ofc. 
[0 16 5] 9EOl»0igb»^«fc:llD*MaabT»6 

nfc^'jv-gn^tt^awfccj^T, ft-ir* 

atfXPS#ffii6. #U7UJI/7S>t=iA^tt 
fc©H©75 t**S-&©£lfc&««B3nfc : v.... 1 6 
20 4 8 cm" ;N,,^I*M-, 4 0 1. 2 e V. 

[0 16 6] AFMliJ>6, ¥fittlCffinfc^ffi 

^D7 7-f Ji^tefcan, — 35r, tK, x^/— ;k i/p 
n*;k£». h*x>fc5 0ti:T4 8 PSragSrr *»8 

[0 16 7] Sk±(D^mX\ 4I±fc#'J7UA-7S> 
^ifS^ibfc, «tS«tt*«K<. 0*ffl*tc@n. 
ja-p*iif5FfflttOA»«i:#'Jv-»gt**-r*3!f5X« 

aw^f^sabfc. 

30 [0 16 8] <m&Ml 5>Ig (VI) (CiJUT. tf'J 
7U;P75> (liWllB, 0 0 0) left*. 
T> #»JX^bW = > (Hf^filO, 00 

o) *fflv»fc£tntt. mmmi 3 tn«KUT. *yx 

[oi6 9] #^n/t#'jv— j»gis*rr*a6»K:"3i» 
i, xs (vi) ~xs (vim oiaitosb. 
fturtsicxyrv* hu-JckowpswjBbfc. #y 

7— ftltOlUPH:. XS (VI) ~Ig (VIII) ©1* DjI 
40 b@KfcJt«bTJ»iOT*££aWBS*U 10 BHD 
jSbT»^nfc^)KOl^JPtt 10.8 nml-abofc. 

[0 17 0] 1 0@©*DigL»f&fc&»snfc#>JV 
— »il**rr*»*#»C'3V>T, FT-IRSJ^. RtfX 

7SH^Ct«gSnfc:v t .„ 1 6 4 4 cm 
■'iVMlNi.lttl^Wf-, 4 0 1. 2eV. 

[0 17 1] AFMi*^, TSttlCflinfcSS 

7n77^M^sn, — zK, x^/-;k i7P 
P*;PA. h;UX>!C5 0TCKT4 8P»M««"r*W» 
50 ffl^XMCtOilffttKSE^ft^Ct^Sv «^JR$ 
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[0 17 2] £U:<0?5rftT, £B±fc#»JX^UW 5 

[0 17 3] <#iig0yi 6>Ii (VI) ic&UT, #U 
TUJl/7 5> (ll¥^fil 5, 0 0 0) (CttA 
T. 4-k*xjUrxU><hX? i U>£:©:3#U'T- (» 

1¥WI3 0, ooo, 4-e^;i/7^'j>#*^ 

3 5^%) Sfc. Xi (VII) K&HT. n/N? 
T, h7>X- 1, 4 -i/>7U'\*r-yr>~Jt})Vi£>W.<D 

tt. HiStfli 3 tw«ci/T. 4-e-;i,T-'j >iX 
^ U > t <D a # "J v - ^^fiXSPg i L fz# U v-»JK * 

[0174] #&ttfc#uv-*w**-rss*rKov> 

T, II (VI) -II (VIII) Sl~l OSJSOjIU 

SHfticxUTvy h«j-ic<tDMi?*ji!l^ufc. #u 

V— »M<OMJ¥«. IS (VI) ~II (VIII) ©J&Djg 
LlHl^tCjt^JLTitlni-r^Clt^lilg^tX, 1001*0 
SLT#Snfc«K©«J*ttl 1. 3nmT^fc. 

[0 17 5] 1 0IU©*S03gLgl^e.#&n&# , J V 
— »K**-r-5*=WtCO^T, FT-IRSHS, KtfX 

75 C^04^«BStlfc : Vc, 1 6 4 5 cm 
"' ; Vco ; N, , S^llj^-, 4 0 1 e v„ 
[0 17 6] AFM®*^, ¥SttlC^nfc*S 

otJn;I/A, h;i^xxc5 0"CICT4 8B$K««-r?>W^ 
[0 17 7] R±©#ftT. ^e±tC4-k'XJP7xU 

[0 17 8] <ste5Si0l.ll 7>*«m tP!l*l:LT, I 
S (I) ~IS (IV) Zft-ofz. #tC, VI/ 

-r >Kt^^t*x^x-^t<D32sn7}?uv- (m 

l?^fl7 0, 0 0 0) ©*&0jML#f£^fcD 0. 

^"p-^^-a-fc. iti&ois^is ax) tffc-f 
«v»t, is (no Rtfia (iv) & 

[0 17 9] Z.<D£o\ZLT'&tzmtt\Z, Hfc. ftlg 
(11) . (Ill) . (IV) . (IX) . (Ill) isitf (1 
V) ZZL<DmffT?1l&K>mLTf7 0Z\ii\Z&K>. VH> 
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[o 1 8 o] f§sn^#ijv-»ig<&wr-5S«tcovi 

T. ftll (ID . (HI) . (IV) . (IX) . (II 
I) . (IV) SCOJWrrWDilU SESlCX 'J ?V 

SIS (II) . (Ill) . (IV) , (IX) . (Ill) *5«fc 

io u (iv) cDmvMLmmztkmv-zmiia-rzztiimm 
sn. i onn»ofiUT#6nfc*ai©jiitiPtt2 3. 1 

[0181] i o isicD^Djibjf^e.^e.nfc^uv 

-JW«*Wr**«K:-3V»T. FT-IRWJ&, &Z>*X 

><tcD^Sa#'j-7-» Rt;? >B? £ ;* tfx;i/ 

<D7S. Klfr&Rtf-rs Ktt^Otl«)WIB«nft : v 
co. 1 6 4 5 cm" ;v t .,, 1701cm' 1 ;N,,ig 
20 -&X^;i/^-, 4 0 1 e V. 

[0 18 2] *3lt. AFM«^e.¥StttCffinfc«®7 r 
n7 7-f*!W»3n, —2k *, x^y— ;k znn 
ft^A. h;wx>tc5 01CICT4 8 B#ra««f «Wt)M 

[0 1 8 3] £Jl±0*ffiT, ^IlCWOKt/^ 
^jUxx^l/iX^l^tcD^Satf'J v— , s.tfvu 
-f i y fx;i/X-xJU t ©3SSn # U v- «« 
ric5*tufc. j«*«tt*«w<, p*«Sicffin. j.o 

30 *lSspfittOA^#U-7-»JRt«-r*5tf9X«»« 

[0 18 4] <X)tMl 8>II (IV) ftfffed:V»an 
tt. USE^J 1 7 t|Sl^tCbT#fcS«-*, 1 8 O'CCDfi 
0 . 0 1 P a WTCDMJETT 6 KfWJP^a L 

t. ^^ty y^;uxx^;pi:X5 i i/>tcD32s 
[0 18 5] #&nfc#uv-*Bi**r**»k:-3v> 

40 T, &I« (ID . (HI) . (IX) *3j;tf (III) *1 

~9ia«Djguff-3fciR. &.Tf\z&&tt&tammm bfc 

4dj-7— WKOJKJVa. SIS (ID . (Ill) , (I 

x) *5«fcix din (DMvmLmmzttmisTmtQ-rzzL 

8. 2nmT35 0, jD^S^^jSJ^WMJ^tt 1 

8. lnmTfeofco 

[0 18 6] 9@CD*0igUl*^»fclin««iabT»6 

n&#»jv-»jBt**r*a«fc^^T, ft-irw 

50 RtfXPSM*6. 7H >*^y /flUXf 
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ftfc:v c .», 1 6 4 2 cm"' ; Vc.o. 1 7 0 2 c 
m"' ; N, , *g-&X*;U*— , 40 1eV. 
[0 18 7] AFMiA^, ^JflttlCffinfcSK 

□ tfUUA. h;WX>tC5 0 < CICT4 8B#raS«-T-5W^ 

[0 18 8] 1H±<D13&-V. &JI±{;:VK 
5 i ;WX7>'r^i:7.5 1 U>i©3253#Uv— . Rtfvi/ 
-f >&£y^;l/tfXJUX— 5^W£©£S:3#U V— £#| 

j^smtufc, ^s^tt^<. »*»«K:«ft. 

[0 18 9] <tbiS0i| 1 >IS (IV) £fT:bftV>UW 
r)V h X y 1/ > <h n # U v - t L- ft # 

tK, x^y— ;k i?DD*M, h;i/x>tc5 ot;tcT 
4 8s#KS«tsBMfx h©^s, -tn-en. 8. 

7, 4. 5, 6. 2. 7. 5 nm^iimmmtm'PL, 
jW§#Jtt#it5 < fc V> Z. £ *<*lJo fc. 
[0 19 0] <Jt«e^J2>*ffltC»^ 1 5 0 nm04i 

s U^/'J y h;i/©x^y— ;i/^4'ic5 o'Ctsb^ 

[0 19 1] #£>ttfc*#£\ #U (4-7,9U>X)U 
*>mi-hU^A) (HTO^17 0, 0 00) © 
mQMlsm&^frr) 0. 15 'J^^/'J V h)l<D7k®Wi 

\z, mmzx lmmmmvtzWi. sutoaj 

>4MW4©l»Digb#ttSfcD 0. U'JWJyh 
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[0 1 9 2] W-tOlt^SgflOjiU i ommDigus 

mzntzw. x^y-;nc4 CCJCT4 8m$mm 
Tz>mmm : T7> h<Di&&, ^-n-^n, 8. 5, 7. 5n 

[0 19 3] <JtttflfS3>535«»*. ***IUI«3 

10 - buy h^->->uji'yDhr;K^5 5'j ; 6;p/'J^ 
©^^y-;ui^jg^(c5 o < c-c3B#F^S«t/t^. Sto 
Hjb, **y-;uif-cie*«ifeJ*u Mtc, loot© 

mum-? 0 . 0 1 P a £TF£>MEET-e 1 PtffflinSMakS L 

/1— t>h) w#ftT. 6 0t;tcT, 30m 2B§ 

K. 1 2B#Fb1, X«4 8B#raS-&SJS^fTofe. 

[0194] #£nfc#'j-7-»M£Wf -5a*ro>xu 
0 2 bid. 1 2 p#ra, 4 8 mmommtf. -tn* 

n, 25. 2, 27. 3, 27. 8, 30. 1 nmOH 

mmz^vtz. u±(D&m£t). zw^m-ete. mwt£ 

[0 19 5] 

[%bjo^«] m^m^^tmnftw-m 
tt^}#o#u v-^)K**-rs»*ft^y y- 

•?z>mi<D#w-mm\*. mnftm^nrntmrn^m 

mi) mmmi-zftM^tz. yk^/^w 

17 t-)V 1 7. 9- V > <h CD^Sa ^ 'J ^ S # 'J V 

[1212] *JS^J1 7TMlfc- YK^tt^f 

t y tfx;i/x— tcss^ # u v-^ e, ^-5 

40 ^Uv-^BtoBMHCflsSw-THT**. 
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7D> h^—zsOWt^ 

F^-A(##) 4D075 AE12 BB26Z CA38 CA44 

CA48 DA06 DB01 DB06 DB13 
DB14 DB31 DC21 DC24 EA07 
EB14 EB20 EB37 EB39 EC45 
4F100 AA17C AA19C AA20A AA20C 
AA21C AA25C AA27C AB17C 
AB24C AB25C AGOOA AK01A 
AK50B ATOOA BA03 BA07 
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Organic electroluminescent diodes 

C.W. Tang and S. A. VanSlyke 

Research Laboratories, Corporate Research Group, Eastman Kodak Company, Rochester, New York 14650 
( Received 1 2 May 1 987; accepted for publication 20 J uly 1 987 ) 

A novel electroluminescent device is constructed using organic materials as the emitting 
elements. The diode has a double-layer structure of organic thin films, prepared by vapor 
deposition. Efficient injection of holes and electrons is provided from an indium-tin-oxide 
anode and an alloyed Mg:Ag cathode. Electron-hole recombination and green 
electroluminescent emission are confined near the organic interface region. High external 
quantum efficiency (1% photon/electron), luminous efficiency (1.5 lm/W), and brightness 
( > 1000 cd/m 2 ) are achievable at a driving voltage below 10 V. 



Organic materials have previously been considered for 
the fabrication of practical electroluminescent (EL) de- 
vices. 1 The primary reason is that a large number of organic 
materials are known to have extremely high fluorescence 
quantum efficiencies in the visible spectrum, 2 * 3 including the 
blue region, some approaching 100%. In this regard, they 
are ideally suited for multicolor display applications. 

However, the development of organic EL devices has 
not been successful so far, one reason being that high voltage 
is generally required to inject charges into organic crystals 
(e.g., anthracene). In early attempts by Helfrich and 
Schneider, 4 Dresner, 1 and Williams and Schadt, 5 the drive 
voltage was on the order of 100 V or above in order to 
achieve a significant light output. Therefore, the EL device 
power-conversion efficiency is quite low, typically less than 
0. 1 % W/W, despite the reported high external quantum ef- 
ficiency of ~5% photon/electron. In an attempt to reduce 
the drive voltage, Vincett et a!. 6 used thin organic films of 
similar materials in their EL devices. They reported EL op- 
eration below 30 V. However, the quantum efficiency of 
their EL diodes was only about 0.05%, presumably owing to 
the inefficiency of electron injection and the inferior quality 
of the evaporated anthracene films. Other organic thin-film 
EL work 7,8 reported similar performance. Another factor 
for the lack of development is perhaps the question of long- 
term stability of organic EL diodes. There are very few re- 
ported data on the organic EL stability in the literature. 6 

In this letter, we report a novel thin-film organic device 
with superior EL characteristics. It is efficient and can be 
driven to high brightness by a low dc voltage. In contrast to 
most organic EL cells, which use a single layer of organic 
material sandwiched between two injecting electrodes, our 
EL diode consists of a double layer of organic thin films, with 
one layer capable of only monopolar transport. The organic 
materials were chosen such that the morphological, trans- 
port, recombination, and luminescent properties were com- 
patible with the construction and operation of the thin-film 
EL diodes. In addition, we used a low- work-function alloy 
prepared by vapor codeposition as the cathode for efficient 
electron injection. 

Figure 1 shows the structure of the present EL cell. The 
substrate is an indium-tin-oxide (ITO) coated glass with a 
sheet resitance of about 10-20 fl/D (Nesatron™ from PPG 
Industries ) . It was cleaned by ultrasonication in a mixture of 



isopropyl alcohol and water (1:1 ) and degreased in toluene 
vapor. The first organic layer (about 750 A) on top of the 
substrate is an aromatic diamine 9 of molecular structure 
shown in Fig. 1 . The second organic layer is the luminescent 
film, about 600 A. It belongs to a class of fluorescent metal 
chelate complexes. 10 The specific example shown in Fig. 1 is 
8-hydroxyquinoline aluminum ( Alq 3 ). The top electrode is 
an alloy or mixture of magnesium and silver with an atomic 
ratio of 10:1. The organic layers, as well as the Mg:Ag elec- 
trode, were all deposited by vacuum deposition ( — 10" 5 
Torr). The substrate was nominally at room temperature 
and the deposition rates for the organic layers were about 2- 
5 A/s. The Mg:Ag electrode was deposited by simultaneous 
evaporation from two separate sources at a total rate of 
about 10 A/s. 

The organic diode shown in Fig. 1 can be operated in a 
continuous dc or pulsed mode. It behaves like a rectifier, the 
forward bias corresponding to a positive voltage on the ITO 
electrode. Light emission, seen only in forward bias, was 
measurable from as low as about 2.5 V. Figure 2 shows the 
continuous dc current vs voltage (/- V) and the radiance exi- 
tance vs voltage (B-V) curves. The shape of the I-V curves 
for most diodes is relatively independent of the thickness of 
the diamine layer but strongly dependent on that of the Alq 3 
layer, indicating that most of the bias voltage is across the 
Alq 3 layer. The/- Fcurve can be fitted to an injection-limited 
model where the electron current is limited by electron emis- 
sion from the cathode into the Alq 3 layer. The radiance exi- 
tance in mW/cm 2 was measured from a diode with an emit- 
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FIG. 2. Brightness-current-vokage characteristics of an ITO/diamine/ 
Alq 3 /Mg:Ag EL cell. 



ting area of 0.1 cm 2 by a radiometer (EGG model 550-1). 
The emitting surface is Lambertian for viewing angles within 
60° from the normal to the surface. The brightness in units of 
, cd/m 2 was separately measured by a spot photometer (Min- 
olta Luminance Meter, nt — 1/3°). A radiance exitance of 
0.1 mW/cm 2 is equivalent to a brightness of 100 cd/m 2 for 
the EL diode with Alq 3 as the emitter. As shown in Fig. 2, 
the EL diode can be driven to produce high brightness 
( > 1000 cd/m 2 ) with a dc voltage of less than 10 V. In 
pulsed operation, the response of the diode has a rise and 
decay time on the order of a few microseconds. 

The light output from the EL diode is linearly propor- 
tional to the input current in the current range from 10~ J to 
10 2 mA/cm 2 . The external quantum efficiency of the EL 
diode is about 1%. At the power output of 0.1 mW/cm 2 , 
which is visible in ambient lighting, the required drive vol- 
tage is 5.5 V and the corresponding power conversion effi- 
ciency is 0.46%. The equivalent luminous efficiency is 1.5 
lm/W, which compares favorably with the commercially 
available light-emitting diodes or ZnS-based EL devices." 

The emission spectrum of the EL diode is shown in Fig. 
3. The peak intensity is at 550 nm, the FWHM is about 100 
>nm, and the color is green. The EL emission spectrum is 
independent of the drive voltage or current but is sensitive to 
the thickness of the organic layers. The latter effect is due to 
the interference phenomenon of emission in front of a re- 
flecting mirror. 12 For thin organic films (as in Fig. 1) the EL 
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FIG. 3. Electroluminescence spectrum ofITO/diamine/Alq 3 /Mg:Ag. 



emission spectrum is identical to the photoluminescence 
spectrum of the Alq 3 thin film. This result indicates that the 
radiative recombination of injected electrons and holes takes 
place in the Alq 3 layer. Detailed analysis 13 shows that this 
recombination is confined to the Alq 3 layer adjacent to the 
diamine layer to a distance of about 300 A. The diamine 
layer, which is known to transport holes only, 9 blocks the 
electrons injected from the Mg:Ag electrode. Therefore, the 
interface between the diamine and Alq 3 layer effectively con- 
trols the recombination processes. 

The morphological properties of the organic layers are 
critical in the construction of thin-film devices without pin- 
holes. It is necessary that both layers in the EL device be 
smooth and continuous. The transmission electron micro- 
graphs show that the evaporated diamine layer appears to be 
amorphous, whereas the Alq 3 film is^ microcry stalline with 
an average grain size of about 500 A. The ability to form . 
smooth films in both layers in the present EL diode is related 
to the low order of symmetry as well as large molecular ge- 
ometry of the constituent molecules. In addition, the two- 
layer structure partially alleviates the shorting problem by 
minimizing the probability of having overlapping pinholes. 

The Mg:Ag alloy used as the cathode is important in the 
reduction of the drive voltage. Mg is a low- work-function 
metal ideally suited for electron injection into organic mate- 
rials. However, it is susceptible to atmospheric oxidation 
and corrosion. The incorporation of Ag in the Mg:Ag film is 
found to retard these degradation processes. In addition, Ag 
improves the sticking coefficient of Mg on the organic film 
during vapor deposition. Other common cathode materials 
such as In, Ag, and Al generally result in much higher vol- 
tage drive and inferior stability. 

The EL diode has been tested for stability in a contin- 
uous dc operation. Under constant current drive of 5 mA/ 
cm 2 and in an argon ambient, the EL emission (with initial 
output of about 0.05 mW/cm 2 or 50 cd/m 2 ) shows a rela- 
tively fast degradation in the initial hours (about 30% loss in 
10 h) and then decays at a much slower rate to about half of 
the initial value at the end of a 100-h test. The steady degra- 
dation is accompanied by a concomitant increase in the drive 
voltage from the initial 6 or 7 V to about 14 V during this test 
period. The nature of degradation is not clearly understood. 
Some of the failure is attributed to the degradation of both 
hole and electron injecting contacts, the latter resulting in 
the formation of dark nonemissive spots. 

In conclusion, we have shown a novel organic electrolu- 
minescent diode with a double-organic-layer structure. The 
diode has unique characteristics of high electroluminescent 
emission efficiency, fast response, low voltage drive, and 
simplicity of fabrication. It demonstrates that organic mate- 
rials can indeed be viable alternatives for optoelectronic ap- 
plications such as displays. 
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REVIEWS 



Organic Electroluminescent 
Devices Based on Polymeric 

Materials 

Junji Kido HHiMHHHHi^nHMniHnMi 



An organic electroluminescent (EL) device is a light- 
emitting device similar to the semiconductor-based light- 
emitting diode. Among organic materials, polymeric 
materials are now of interest to many researchers as a 
component of such devices. A variety of polymer systems 
have been proposed, including conjugated polymers, 
non-conjugated polymers and molecularly doped poly- 
mers. After a few years of intense research activities* 
some of the polymer-based devices studied exhibit excel- 
lent EL performance, this being at a practical level. 

This paper reviews recent progress in organic EL 
devices. In particular, polymer-based devices will be the 
main subject. They will be classified into several cat- 
egories, and the device characteristics and performance 
of each system will be discussed. 



Luminescence is an emission of light from an excited 
molecule. One of the most common forms is photolumi- 
nescence in which excitation processes involve absorp- 
tion of light by a molecule. In electroluminescence, on the 
other hand, the excitation processes are electrochemical 
reactions. Thus electrical energy is transformed into light. 

Electroluminescence in organic materials has been 
known since the 1960s 12 . Enthusiastic research activities, 
however, started in the late 1980s after the invention of 
the multilayered cell structure by Tang and Vanslyke 3 . In 
their device, luminance (brightness) exceeds 1000 cd/m 2 
below 10 V with a quantum efficiency of 1 % photon/elec- 
tron (i.e. 1% photon output per electron injected), and 
these types of devices now show luminances of over 
100 000 cd/m 2 in some cases 4 , which is about ten times 
brighter than a common fluorescent lamp (c. 8000 cd/m 2 ). 

The operating mechanism in these devices is of the so- 
called injection-type, in which carriers, such as electrons 
(in the form of radical anions) and holes (as radical 
cations), are injected into the organic emitter layer to 
recombine there. It is therefore necessary for the compo- 
nent materials to possess carrier transport properties as 
well as fluorescent properties. In order to achieve a high 
recombination efficiency, various types of cell structure 
have been proposed (Fig. 1). One of the most common is 
a double-layer-type cell that has a layered structure com- 
posed of materials with different carrier transport proper- 
ties, one transporting holes and the other electrons. In this 
system, electrons and holes are injected from the elec- 
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trodes into the corresponding organic (carrier transport) 
layers. Eventually, the recombination of the carriers takes 
place at or near the interface between the two organic 
layers. Since the hole transport layer blocks electrons, 
while the electron transport layer blocks holes, the car- 
riers are confined to the organic layer, thus maximizing 
the recombination efficiency. The other type of cell is a 
single-iayer-type cell, which is composed of only one 
organic layer. In this case, the emitter layer is designed 
to transport both electrons and holes so that the recombi- 
nation can take place in the emitter layer with high 
efficiency. 

This review deals particularly with devices based upon 
polymeric materials, since various types of these polymer 
systems are intensively studied and some of them show 
excellent performance. Some devices take advantage of 
the polymeric nature of the materials in fabrication, using 
only polymeric materials as active species. Since various 
types of polymers are made into EL cells, I would like to 
discuss these systems based on their structures and how 
they are applied to cell fabrication. 

Multilayer-type devices, which have more than two 
organic layers, are composed of carrier transport layers 
and emitter layers. The first section deals with polymers 
used as carrier transport layers, more specifically as the 
hole transport layer. In the second section, polymer emit- 
ter materials will be discussed. Polymers will be classi- 
fied into three groups: conjugated polymers, non-conju- 
gated polymers and molecularly doped polymers 
(MDPs). 

Carrier transport polymers as hole transport 
layers 

For an electron-transporting emitter material, a hole 
transport layer should be inserted between the emitter 
layer and the anode. This improves the recombination 
efficiency, thus affording bright emission. 

There are various types of polymeric material used as 
hole transport layers. Some of these polymers are listed 
in Fig. 2. Poly(W-vinyl carbazole) (PVK), for instance, 
has a hole drift mobility of 10- 7 cm 2 /Vs, and has been util- 
ized as a hole transport layer for an electron-transport- 
ing emitter, the tris(8-quinolinolato)aiuminum(III) 
complex (Alq) 5 . Green emission from Alq with high 
luminance (over 10 000 cd/m 2 ) can be obtained 5 , which 
indicates that PVK transports holes and blocks electrons, 
thus confining electrons to the emitter layer. 

Other hole-transporting polymers used in a double- 
layered system with an Alq emitter include poly(methyl 
phenylsilane) (PMPS) 6 , plasma-polymerized carbon 
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Fig. 1 Configurations of typical EL cells. The thickness of the organic layer in each case is typically 100-200 nm. 



disulfide [poly(CS 2 )] 7 , MDPs 8 , rriphenylamine-contain- 
ing vinyl polymers PVTPA 9 and PTPAMA 10 , and 
polyphosphazenes 11 . Among the polymers listed above, 
MDPs are quite useful for improving the cell perform- 
ance. It was found that EL cells containing polymers 
(such as polycarbonate) with 50wt% of a triphenyl- 
diarnine derivative (TPD) (Fig. 2b) as the hole transport 
layer exhibit a luminance that is as high as that in the cell 
having vacuum-deposited TPD alone as the hole trans- 
port layer. Because the distance between the functional 
groups in the vacuum-deposited TPD film is shorter than 
that in the polymer-doped system, the hole drift mobility 
in the vacuum-deposited TPD layer is higher than that in 
the molecularly doped system. However, no large volt- 
age shift or decrease in EL efficiency is observed even 
when the TPD is dispersed in a polymer binder. This may 
be attributed to improvement of the interface between the 
indium-tin oxide (ITO) anode and the organic layer 
because of the adhesion between the ITO and the poly- 
mer, which may thus also improve carrier injection. Since 
the crystallization of TPD causes so-called 'dark spots*, 
which are due to the destruction of the interfaces between 
the layers, the inhibition of the crystallization of TPD 
by placing it in a polymer binder can also improve the 
structural stability of the cell. 

Conjugated polymers 

Conjugated polymers are today the most widely used 
in emitters. These polymers are known as conductive 
polymers, but as emitters they are employed in the undoped 
state in order to maintain their fluorescence properties. 
Some of these conjugated polymers are shown in Fig. 3. 

The first conjugated polymer applied to an EL device 
was poly(/>-phenylene vinylene) (PPV) 12 . Since the poly- 
mer itself is not soluble, a soluble precursor polymer is 
first coated onto an ITO substrate and then thermally con- 
verted to PPV. Upon applying DC voltage across the cell 
with ITO as the anode and the opposite aluminum elec- 
trode as the cathode, the cell emits green light that orig- 
inates from the polymer layer. The operating mechanism 
has been explained in terms of the recombination of 
polarons in the polymer main chain. The recombination 
generates a singlet polaron exciton that relaxes to emit 
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Fig. 2 (a) Molecular structures of some carrier transport polymer systems: PVK, 
polyi^-vinyl carbazole); PMPS, poly(tnethyl phenylsilane); poly(CS 2 )> poly(carbon 
disulfide); PVTPA, poty(4-diphenylaminostyrene); PTPAMA, potyfrf-(4-diphenylamino)- 
phenylmettmcrylamide). (b) Structure of the triphenyldiamine derivative (TPD). 
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Fig. 3 Molecular structures of conjugated polymers: PPV, polyip-phenylene vinylene); 
PNV, poty( 1 ,4-naphthcdene vinylene); CN-PPV, polycyanoterephthalylidene; PPV 
copolymer /, segmented polyip-phenylene vinylene); PPV copolymer II, segmented 
polyip-phenylene vinylene-co-2,5-dimethoxy-p-phenylene vinylene): MEH-PPV, 
polyl2-methoxy-5-(2'-ethyl-hexoxy)-I,4-phenylene vinylene]; PP, polyip-phenylene); 
PAF, poty(9-alkylfluorene); PAT, poty(3-alkylthiophene). 

light. The luminance is, however, not as high as the 
double-iayer-type cells using sublimed films of fluor- 
escent dyes such as Alq owing to the low recombination 
efficiency. Since PPV is hole-transporting, the majority 
of the carriers are holes and most of the injected holes 
pass through the polymer layer without recombining with 
electrons. In addition, the fluorescence quantum yield of 
the polymer itself is low (c. 8%) 12 . 

Braun and Heeger have improved the efficiency of 
PPV-based EL devices by using lower work function 
(ionization potential) metals, such as calcium, as the cath- 
ode. Since calcium has a lower barrier to the injection of 
electrons into the polymer layer compared to aluminum 
this improves electron injection efficiency and, conse- 
quently, the recombination efficiency 13 . In their device, 
a soluble PPV derivative, poly[2-methoxy-5-(2'~ethyl- 
hexoxy)-l,4-phenylene vinylene] (MEH-PPV), has been 
employed, and orange-yellow luminescence starts at a 
voltage of 4 V. They also studied the effect of the nature 
of the cathode materials by employing calcium or indium, 
and found that a cathode with a lower work function 
affords higher quantum efficiency: 1% photon/electron 
for calcium and 5 X 1(H% for indium. It has been con- 
cluded that the electron injection process is the efficiency- 
determining process in these devices 13 . 



In the above examples, the emission color ranges from 
green to orange because of extended ir-conjugation. An 
attempt has been made by Burn et al. to obtain colors with 
shorter wavelength 14 . They have prepared segmented 
polymers with randomly arranged sequences of saturated 
and unsaturated units (PPV copolymer I, Fig. 3), in which 
the conjugation length is limited by saturated bonds. A 
blue-green emission, peaking at 508 nm, was reported 
from these polymers. The quantum efficiency is also 
improved twofold, from 1 X 10" 2 % photon/electron for 
the homopolymer, due to the higher fluorescence quan- 
tum efficiency of the copolymer itself, in which the 
shorter conjugation chain limits the diffusion of the 
excitons to the quenching sites. 

With another of this type of polymer (PPV copolymer 
II, Fig. 3), patterning of the emitting area is possible 15 . 
The emission color can be partly tuned by thermal treat- 
ment of the precursor polymer layer and use of an appro- 
priate metal mask. This technique utilizes the fact that 
hydrogen chloride (generated when the precursor poly- 
mer is thermally treated at elevated temperatures) works 
as a catalyst for the formation of double bonds in the non- 
conjugated precursor polymer at elevated temperatures. 
Therefore, the masked area will have a different conju- 
gation length from the part without a mask. 

Gustafsson et al. proposed a unique cell structure that 
is composed almost entirely of polymeric materials 16 . The 
substrate, anode and emitter are poly(ethylene terephthal- 
ate), polyaniline and MEH-PPV, respectively. Only the 
cathode is not a polymer, calcium in this instance. Thus, 
this EL cell is flexible, and can be bent without failure. 

The efficiency of the PPV cell has been improved by 
employment of the multilayer structure 1718 . One example 
utilizes an electron-transporting oxadiazole derivative 
layer, which is placed between the emitter layer and the 
cathode 17 . The injected holes are blocked by the two 
organic layers so that they efficiently recombine with 
electrons. The efficiency has been improved to about 
0.8% photon/electron 17 . 

Recently, electron-accepting cyano groups have been 
introduced into PPV derivatives so that the polymer (CN- 
PPV) can transport electrons 19 . A cell with a double layer 
of PPV and CN-PPV exhibits a high quantum efficiency of 
4% photon/electron - one of the highest efficiencies ever 
reported. The emission originates from the CN-PPV layer in 
this cell; the PPV layer works as the hole transport layer. 

Other conjugated polymers used for EL application 
include polyalkylthiophenes (PATs) 20 " 23 , polyalkylfluor- 
ene (PAF) 24 , poly(p-phenyiene) (PP) 25 and poly(l,4- 
naphthalene vinylene) (PNV) 26 . The luminance of the 
cells utilizing the above polymers is, however, much 
lower than that of the PPV cell 13 . For instance, an EL ef- 
ficiency of 3 X 10- 3 % photon/electron has been reported 
for a PAT device 23 , which is lower than that of PPV 
(1 X 10- 2 % photon/electron) 14 with the same cell struc- 
ture. This is probably due to the low quantum efficiency 
of the polymer as well as the cell structure employed. It 
is necessary to use a multilayer structure with an appro- 
priate carrier transport layer if the emitter material is 
either hole-transporting or electron-transporting. 

Non-conjugated polymers 

One of the drawbacks of using conjugated polymers is 
the difficulty in obtaining blue emission owing to the 
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Fig. 4 Molecular structures of non-conjugated polymers: poly(1.8-octanedioxy-2,6-dimethoxy-lA-phenylene-l,2-elhety 
ethenylcne-3,S-dimethoxy-lA'phenylene) (DS-PE); and polycarbonate-containing styrylamine (SA-PC). 



extended ir-conj ligation in the polymer. It is therefore 
logical to move from conjugated to non-conjugated poly- 
mers in order to obtain blue luminescence. Such an 
approach has been taken by several research groups. For 
example, Yang et al. have synthesized a polymer con- 
taining a distyrylbenzene derivative in the polymer main 
chain (DS-PE) 27 , see Fig. 4. The conjugated segment is 
separated by saturated bonds so that the ir-conjugation in 
this copolymer is limited. They observed blue electro- 
luminescence from this polymer in a single-layer-type cell. 

A stytylamine-containing polymer (SA-PC) (Fig. 4) 
has been prepared by the group at Idemitsu Kosan Co., 
Ltd 28 . Their polymer contains the hole-transporting styryl- 
amine derivative unit in the main chain. A cell with a 
single-layer structure emits blue light with a luminance 
of 130 cd/m 2 at 11V. 

Our approach to obtaining bright blue luminescence is 
to use a multilayer-type cell with non-conjugated poly- 
mers 29 . We have fabricated blue-light-emitting cells using 
PVK as the emitter. Since PVK is hole-transporting, an 
electron transport layer is inserted between PVK and the 
cathode. The cell emits bright violet-blue light peaking at 
420 nm with a luminance of over 700 cd/m 2 . The electron 
transport layer is a double layer of a 1,2,4-triazole deriva- 
tive (TAZ) and Alq. TAZ possesses a wide band gap and 
electron-transporting properties, thus acting as the elec- 
tron transport layer as well as an exciton confinement 
layer. The Alq layer serves as an electron-injecting layer, 
injecting electrons into the PVK layer through the TAZ 
layer. The light emitted from this device is not only 
intense but also the shortest wavelength so far reported 
for an organic EL device. 

Molecularly doped polymers 

Molecularly doped polymers are solid solutions of car- 
rier transport materials molecularly doped into polymer 
matrixes. This class of polymer has advantages over 



intrinsically carrier-transporting polymers in that the car- 
rier transport can be controlled. Since the carrier trans- 
port in MDP systems is due to the carrier transport 
between the dopant molecules, transport properties such 
as mobility are easily controlled by adjusting the con- 
centration and type of carrier transport molecules. 

Taking advantage of such systems, bright single-layer- 
type devices have been fabricated. One of the early 
examples uses PVK as the binder polymer and an elec- 
tron-transporting oxadiazole derivative as the electron- 
transporting dopant 30 . Thus, holes are transported by 
means of the carbazole units and electrons by means of 
the dopant molecules. The balance of hole and electron 
injection is adjusted with ease by changing the concen- 
tration of the dopant. From this cell, a luminance of over 
1000 cd/m 2 is observed when about 1% of c6umarin-6 is 
used as the emitting center. The mechanism of dopant 
emission has been explained in terms of carrier trapping, 
in which injected carriers are trapped at the dopant sites 
where the carrier recombination occurs. It is therefore a 
requirement that the dopant molecules have a lower ioniz- 
ation potential and a higher electron affinity than the car- 
rier transport molecules. 

Another example is the system using poly(methyl 
methacry late) (PMM A), Alq and TPD as the binder poly- 
mer, electron-transporting dopant and hole-transporting 
dopant, respectively 31 . In this cell, since carrier transport 
is controlled by adjusting the dopant concentration, the 
ratio Alq :TPD has an important bearing on the bright- 
ness of the emission. When the Alq : TPD ratio is 3 : 2, the 
efficiency is the greatest This result reflects the differ- 
ence in the carrier drift mobility of the two dopants: 10~ 5 
cm Ws for Alq and 10~ 3 cmWs for TPD. So, it is import- 
ant to balance the concentration of the injected carriers in 
single-layer-type devices. 

MDPs are also quite useful for tuning the emission 
color. Since the polymer layer is fabricated by coating 
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techniques such as spin-coating and dip-coating, the num- 
ber and the concentration of the dopant molecules can be 
easily controlled. For example, the above-mentioned 
PMMA system has an emission color of green, originat- 
ing from Alq, and the color can be changed by doping the 
polymer layer with fluorescent dyes 32 . When an orange- 
red fluorescent dye (DCM-1) is used as the additional 
dopant, the emission color changes from green to orange- 
red. However, it is impossible to obtain a blue color in 
this system because of the low excited energy level of the 
Alq molecule. 

We have therefore utilized PVK as the host polymer. 
Since the excited energy level of the carbazole group is 
high, any color, in principle, can be obtained in this sys- 
tem by choosing a suitable doping method. In the multi- 
layer-type cell having PVK as the emitter, three primary 
colors, blue (450 nm), green (504 run) and red (580 nm), 
can be obtained by doping the PVK layer with 1,1,4,4- 
tetraphenyl-l,3-butadiene (TPB), coumarin-6 or DCM- 
1, respectively 33 . A photograph of a blue-light-emitting 
device is shown in Fig. 5. The excitation mechanism in 
the doped polymer system is not clear yet; but a Forster- 
type energy transfer from the host polymer and/or carrier 
trapping at the dopant site is possible. 

The dye-doping method with an appropriate polymer 
system is particularly useful for obtaining white light. 
Because white light emission requires light beams of 
three primary colors, three kinds of emitting center are, 
in principle, necessary. By taking advantage of a polymer 
emitter that is prepared by solution casting, such a sys- 
tem can be easily realized by molecularly doping three 
kinds of fluorescent dyes into the polymer emitter layer. 
For example, in the above PVK system, when the three 
fluorescent dyes with different colors are doped together 
into the polymer layer, with an appropriate concentration 
of the dopants, the cell emits white light having a spec- 
trum that consists of the emissions from each dopant 34 . 
A maximum luminance of over 3000 cd/m 2 can be 







j 1 

















Fig, 5 A blue-tight-emitting EL device having a dye-doped PVK layer as the emitter 
layer. The cell structure is a sequence of layers, YTO, PVK (400 nm), TAZ(200nm). 
Alq (300 nm), Mg-Ag (alloy), and PVK is doped with 3 mol% of 1,1,4.4'tetraphenyl- 
1,3-butadiene. 



achieved, which is as bright as a fluorescent lamp. Since 
a white-light-emitting device can find a variety of appli- 
cations, such as illumination light sources and backlights 
for liquid crystal displays, this type of device may attract 
more attention than monochromatic EL devices. 

Conclusions 

Organic EL devices have been greatly improved in the 
past few years. The performance of these EL devices is 
now comparable to commercially available light-emitting 
devices such as semiconductor-based LEDs and inor- 
ganic EL devices. Some of the organic devices show even 
better performance than their commercial counterparts; 
all colors in the visible region are obtainable at high 
brightness levels, which is still difficult to achieve for 
semiconductor-based LEDs. 

Although there are problems, such as their stability and 
efficiency, these problems can often be_solved by ma- 
terials design, and this is the major advantage of organic 
materials over inorganic ones. To this end, composite 
materials such as a dye-doped polymer system may be 
one of the choices, because this system utilizes the struc- 
tural stability of a polymer and the high quantum ef- 
ficiency of fluorescent dyes. In my opinion, this system 
should attract more attention to further improve the 
device performance. 
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Macromolecular Fullerene 
Chemistry 

Kurt E. Geckeler w^^mmmma^mmmmmmmmmt^^mmammmm 



The new carbon allotrope is a fascinating molecule 
that has opened up a new area of chemistry. Macro- 
molecular fullerene derivatives allow the combination of 
the unusual properties of ftdlerenes with the specific 
properties of many polymers. Thus, macromolecular 
modification of Julie renes can provide and tailor poly- 
meric materials with interesting properties, such as 
electronic, magnetic, mechanical, catalytic and optical 
properties, litis review outlines the synthetic concepts of 
macromolecular fullerene chemistry and the different 
classes of polymeric fullerene derivatives. The fullerene- 
containing polymers reported so far are discussed and 
the application potential of these materials highlighted. 



Since the discovery of buckminsterfullerene (C^) 1 and 
the subsequent development of methods for access in 
macroscopic amounts 2 , a versatile functionalization 
chemistry has been developed 3 - 6 . Organic chemists have 
carried out a great variety of chemical reactions with this 
molecule, for example, arylauon, halogenation, hydroxyl- 
ation, alkoxylation and osmylation*- 7 . With the avail- 
ability of fullerenes in preparative amounts, they have 
also become of increasing interest to polymer chemists. 
However, although more than 1300 papers on fullerenes 
have already appeared 5 , there are relatively few macro- 
molecular fullerene derivatives among the large number 
of organic fullerene derivatives reported. . 

The terminology is not precisely defined as yet, as indi- 
cated by the different designations of the basic molecule 
itself, such as 'fullerene', 'buckminsterfullerene' and 
'buckybair 3 - 5 - 7 . The term 'fullerene' is used in this review 
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for buckminsterfullerene, C^, but also for its corre- 
sponding homologues, if applicable. 'Poly fullerenes' or 
'fullerene polymers' should not be used as a general term 
but restricted to those derivatives that are obtained by 
direct polymerization of fullerene or its derivatives. Such 
in-chain derivatives contain the fullerene moieties in the 
polymer backbone. On the other hand, in on-chain poly- 
mers the fullerenes are attached via the side-chains onto 
the polymer backbone. As a general term, preference 
should be given to 'macromolecular fullerenes' or 
'fullerene-containing polymers'. 

Macromolecular functionalization concepts 

The synthesis of macromolecular fullerene derivatives 
comprises two principal approaches: the first starting 
from fullerene itself or polymerizable monomelic de- 
rivatives by using one of the conventional polyreactions 8 , 
which is mainly employed for the preparation of in-chain 
products; and the second using preformed precursor poly- 
mers with subsequent introduction of fullerene or a reac- 
tive fullerene derivative, according to organic reaction 
mechanisms and without changing the molecular mass of 
the polymer (polymer-analogous reaction). Because 
of the different types of polyreactions and polymer- 
analogous derivatization reactions, quite a number of 
different macromolecular derivatives based on the corre- 
sponding monomers or precursor polymers can be 
obtained (Fig. 1). 

Due to the multifunctional nature of fuDerene, the 
derivatization of fullerene often produces a large 
number of products. These derivatives are then difficult 
to separate and characterize. However, the multifunc- 
tional ity of fullerene opens the possibility for a versatile 
two-dimensional and three-dimensional exohedral 
modification, that is, a modification outside the spherical 
molecule of fullerene. 
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Organic Two-Layer Light-Emitting Diodes Based on 
High-Tg Hole-Transporting Polymers with Different 

Redox Potentials 
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A series of soluble arylamine-based hole-transporting polymers with glass transition 
temperatures in the range of 130— 150 °C have been synthesized. The synthetic methodology 
allows facile substitution of the aryl groups on the amine with electron- withdrawing and 
electron-donating moieties, which permits tuning of the redox potential of the polymer. These 
polymers have been used as hole-transport layers (HTLs) in two-layer light-emitting diodes 
ITO/HTL/Alq/Mg [ITO = indium tin oxide, Alq = tris(8-quinolinato)aluminum]. The 
maximum external quantum efficiency of the device increases if the redox potential of the 
HTL is increased to facilitate reduction of the positive charge carriers at the HTL/Alq 
interface. A fluorinated hole-transport polymer with a relatively large redox potential (390 
mV vs ferrocenium/ferrocene) yielded the device with the highest external quantum efficiency 
of 1.25% photons/e~. The device stability, however, follows the opposite trend. The device 
with the most electron-rich HTL exhibited the best performance after prolonged usage. 



Introduction 

Many organic light-emitting diodes (LEDs) are two- 
layer devices with a hole-transporting layer (HTL) 
between the anode [most commonly indium tin oxide 
(ITO)] and the electroluminescent layer (EL) (Figure 1). 
The hole-transporting material traps the electrons 
inside the EL but allows hole injection into the EL. This 
facilitates exciton formation inside the EL or at the 
HTL/EL interface, consequently improving the overall 
device characteristics. Three key properties of the hole- 
itransport material impact the performance of the de- 
vice: (i) the hole mobility within the material, (ii) its 
redox potential, and (iii) its thermal/electrochemical 
stability. 

Hole mobilities in organic materials have been widely 
studied, 1 " 5 and they have been shown to correlate with 
device performance. 6 The redox potential determines 
how easily the material is oxidized at the anode/HTL 
interface (Figure 1, reaction 1), or how easily its radical 
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cation is reduced at the HTL/EL interface (Figure 1, 
reactions 2 and 3). Relatively electron-rich compounds 
are commonly used as hole -transport materials, since 
facile hole injection at the anode/HTL interface is 
believed to promote device function. 7 * 8 However, hole- 
transporting materials with a lower redox potential and 
a lower energetic barrier for hole injection at the anode/ 
HTL interface also have a higher barrier for hole 
injection into the EL (Figure 2a). 

Another pathway for exciton formation is the genera- 
tion of the EM* S emissive state (EM = electrolumines- 
cent moiety) through reaction of the radical cation of 
the hole-transport material with the EM~" species 9 
(Figure 1, reaction 3). This process can occur if the 
energy difference between the LUMO of the emitter and 
the HOMO of the hole-transport material is larger than 
the energy of the EM* 8 emissive state. This reaction 
proceeds more readily for larger LUMO(EM)/HOMO- 
(HTM) differences. Figure 2b illustrates how a lower 
energetic barrier for hole injection at the anode/HTL 
interface is associated with a smaller driving force for 
the EM* 8 formation via this pathway. 

Thus, facile hole injection from the anode appears to 
be counterbalanced by increased energetic barriers for 
the reactions at the HTL/EL interface. Therefore, it is 
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HTM*' + EM HTM + EM** (2) 

HTM + * + EM- — HTM + EM* 8 (3) 
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£ i r^i rC I' 1 Schematic representation of a two-layer organic LED (HTL = hole-transport layer, EL = electroluminescent laver 
HTM - hole-transport moiety, EM = electroluminescent moiety). y ' 
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Figure 2. Schematic representation of the energy barriers at the anode/HTL and the HTL/EL interfaces for different redox 
potentials of the hole-transport material. 




Figure 3. Structures of TPA and TPD. 



difficult to predict which redox behavior of the hole- 
transport material is optimal for the overall device 
performance. This motivated us to prepare hole-trans- 
port polymers with different redox potentials and to 
examine the effect of the redox potential on the char- 
acteristics of a two-layer LED. 

We report the synthesis of a series of analogous hole- 
transport polymers with systematic variation of the 
redox potential. The hole-transporting functionalities 
are derivatives of the well-studied organic hole-trans- 
porting molecules TPA and TPD 7 (Figure 3). Since high 
glass transition temperatures have been found to in- 
crease the thermal and long-term stability of the 
device, 10 we have covalently incorporated the TPA and 
TPD derivatives into high-T g polymers. Furthermore, 
by preparing a high molecular weight hole-transporting 
material, we have achieved desirable film-formation 
properties. We report device data for two-layer LEDs 
with ITO as the anode, tris(8-quinolinato)aluminum 
(Alq) as the electroluminescent material, and magne- 
sium as the cathode. 
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Experimental Section 

General. All syntheses were carried out under argon, which 
was purified by passage through columns of BASF R-ll 
catalyst (Chemalog) and 4 A molecular sieves (Linde). NMR 
spectra were recorded on a GE QE-300 Plus (300 MHz for W, 
75 MHz for 13 C) spectrometer. Gel permeation chromatograms 
were obtained on a HPLC system using an Altex model 110A 
pump, a Rheodyne model 7125 injector with a 100 injection 
loop, American Polymer Standards 10 jum mixed bed columns, 
a Knauer differential refractometer, and CH 2 C1 2 as eluent at 
a 1.0 mL/min flow rate. Cyclic voltammetry was conducted 
using a glassy carbon working electrode, a platinum auxiliary 
electrode, and a AgCl/Ag pseudoreference electrode in 0.1 A 
solutions of tetrabutylammonium hexafluorophosphate in 
methylene chloride. Redox potentials were referenced to the 
ferrocene/ferrocenium couple (Em (ferrocenium/ferrocene) = 
0 V). Differential scanning calorimetry was carried out on a 
Perkin-Elmer DSC-7 with a scan rate of 10 °C/min. Thermal 
gravimetric analysis was performed under nitrogen at a 
heating rate of 10 °C/min using a Shimadzu TGA-50 device 
and aluminum pans. UV-vis spectra were recorded using a 
Hewlett-Packard HP 8453 spectrometer. High-resolution mass 
spectra were provided by the Southern California Mass 
Spectrometry Facility (University of California at Riverside) 
and by Mass Spectrometry Facility of University of California 
at Los Angeles. Elemental analyses were performed by Mid- 
west Microlabs. 

Materials. Toluene and tetrahydrofuran were distilled from 
Na/benzophenone. Methylene chloride used in cyclic voltam- 
metry measurements was dried and degassed by passage 
through drying columns. 11 Samples of molecular TPD deriva- 
tives were provided by Dr. Stephen Barlow and Dr. S. 
Thayumanavan. l-bromo-4-(m-tolylphenylamino)benzene (4b) 
was prepared as previously reported. 6 All other reagents and 
starting materials were purchased from Aldrich Chemical Co. 
or Strem Chemicals and used as received, unless otherwise 
noted. 
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ffole-Transporting Polymers 

Preparation of 4.Bromo-4 -(m-tolyl.p.methoxyphen- 
ylamino)biphenyl (la). Tris(dibenzylideneacetone)dipalladi- 
um(O) (Pd 2 dba 3 ) (618 mg, 0.67 mmol), l,l'-bis(diphenylphos- 
phino)ferrocene (dppf) (561 mg, 1 mmol), and 3-bromotoIuene 
(7.7 g, 45 mmol) were dissolved in 400 mL of dry toluene and 
stirred for 15 min. Sodium terf-butoxide (5.2 g, 54 mmol) and 
p-methoxyaniline (5.5 g, 45 mmol) were then added. The reac- 
tion mixture was warmed to 100 °C for 3 h. Thereafter 4 4'- 
dibromobiphenyl (42 g, 135 mmol) and sodium fe/t-butaride 
(5.2 g, 54 mmol) were added, and the reaction mixture was 
heated to 100 °C for 16 h. The reaction mixture was partitioned 
between water and ether, and the aqueous layer was extracted 
with ether. The combined organic fractions were dried over 
MgS04, and the solvent was evaporated under reduced pres- 
SU o e ;i^ oI i? mn chromatography (silica, hexanes) afforded 19 3 
g (84%) of product la: J H NMR (CD 2 C1 2 ) 6 7.57—7 37 (m 6H) 
7.15-6.97 (m, 6H), 6.91-6.80 (m, 4H), 3.78 (s, 3H) 2 24 (s 
3H); 13 C NMR (CD 2 C1 2 ) <5 157.1, 148.7, 148 3 141 0 140 2 
139.7, 132.8, 132.4, 129.6, 128.6, 128.1 127.9 1249 124 1 
122-7, 121.4, 121.1, 115.4, 56.0, 21.8; HRMS calcd for C 26 H 22 ^ 
2 r SS 445.0885, found 445.0864. Anal. Calcd for C 26 H 22 - 
BrNO: C, 69.94; H, 4.46; N, 3.26. Found: C, 69.69; H, 4.49; 
N, 3.15. 

Preparation of 4-Bromo-4'-(m-tolylphenylamino)bi- 
phenyl (2a). 2a was prepared by analogy to la using aniline 
instead of p-methoxyaniline in 66% yield: »H NMR (CD 2 C1 2 ) 
6 7.58-7.53 (m, 2H), 7.49-7.43 (m, 4H), 7.29 (dt, J = 2 1 7 8 
Hz, 2H), 7.19 (bd t, J = 7.8 Hz, 1H), 7.14-7.03 (m 5H 6 98 

£2 IwT'Z 92 (bd dt ' 2H > J = 18 « 7 6 H *> 2H), 224" , 3H) 
*C NMR (CD 2 C1 2 ) 6 147.5, 147.4, 147.2, 139.3 139.1 133 0 
131.5, 129.0, 128.9, 127.9, 127.2, 125.1, 124.1 123 9 1232 

Ifdh^ 1 ? ^^JL™?* 8 f0r CH^BrN £S 

™ 5 ;2 75 ?' found 415 °753. Anal. Calcd for C 26 H 20 BrN- C 
72.47; H, 4.87; N, 3.38. Found: C, 72.24; H, 4.82-N 3 34. 

Preparation of 4-Bromo-4'-(m-tolyl-m-fluorophen- 
ylamino)biphenyI (3a). 3a was prepared by analogy to la 

US \ n / XfeS^'S instead of P-methoxyaniline in 62% 
^'HNMR (CD 2 C1 2 ) d 7.60-7.42 (m, 6H), 7.25-7.12 (m, 

4 S%™ 2 ~ 6 - 67 (m > 6H) > 2 24 < s > 3H)J "C NMR (CD 2 C1 2 ) 6 
165.7, 162.4, 150.2, 150.0, 147.6, 147.4, 140.2, 140 0 134 9 

\IH' 130 7 ' 129 9 > 1288 > 128 3 !26.7 125 6,' I 2 5.1 

123.2, 121.6, 119.1, 110.5, 110.2, 109.5, 109.2, 21 8- HRMS 
calcd for C 2 sHy»BrF 2 N [M+] 433.0664, found 433.0663. Anal 

SKS c> 6945; H - 443; N " 3 - 24 - Found: °; 

Preparation of 4-Bromo-4'.(m.tolyl-3,5-difluorophen- 
ylamino)biphenyI (5a). 5a was prepared by analogy to la 

US1 ,"f 8 i'^S2ji?SS?^ ,e instead of p-methoxyaniline in 69% 
yield: i H NMR (CD 2 C1 2 ) 6 7.60-7.42 (m, 8H), 7.25-7.15 (m 
4H) , 7.01 (bd m, 2H), 6.53 (m, 2H), 6.38 (m, 1H), 2.24 (s 8H> 

^y™* (CT3 * Ch) 6 1659 > 165 > 7 162 6 . 162.4, 150.9 146 8 
146.7, 140.4, 139.9, 136.0, 132.4, 130.0, 128 9 128 4 127 Y 

ofo 4 'oi 2 0 6 - 9 ' 123 - 8 - 121 - 9 > i2 i- 7 > 104.7 ioi:!: ioII; £13: 

97.2, 96.8, 96.5, 21.8; HRMS calcd for C 25 Hi8 79 BrF2N 1M + 1 
66.68; H, 4.03; N, 3.11. Found: C, 66.36; H, 4.00; N, 3.11. 

Preparation of 4-(m-Tolyl-p-methoxyphenylamino)-4'- 
(p-methoxyben2yl-p-bromophenylamino)biphenyl(lb). 
lb was prepared by analogy to la from la and p-methoxy- 
amline followed by the addition of 1,4-dibromobenzene in 
t>5% yield. Purification was accomplished by column chroma- 
tography on silica gel with hexanes followed by 20% tol- 
uene in hexanes: *H NMR (CD 2 C1 2 ) 6 7.41 (bd t, J = 8 1 Hz 
4H), 7.29 (bd d, J = 8.7 Hz, 2H), 7.06 (m, 10H) 6 87 (m 8Hl' 

ISfrfft 2 V 24 o 8 ' 3H); 13 ° ™ R ( ^c" 2 ) o 157 3 156 9 ; 
148.5, 147.9, 146.9, 141.1, 140.5, 139.6, 135 3 134 0 132 V 
129.5, 128.1, 127.9, 127.7, 127.6 124.5 SJ S{ IS 7 

r^'^'^J 15 - 3 ' 1141 ' 56 0 ' 21 - 8 = H RMS calcd for 
C S9 H 3 3«BrN 2 0 2 [M+] 642.1705, found 642.1711. Anal. Calcd 
for C^H 3 3BrN 2 0 2 : C, 73.01; H, 5.18; N, 4.37. Found: C, 72.82- 
ti, 5.15; N, 4.31. 

Preparation of 4-(m.Tolylphenylanuno)-4'-(m-tolyl-p. 
bromophenylamino)biphenyl (2b). 2b was prepared by 
analogy to la from 2a and 3-aminotoluene followed by the 
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addition of 1,4-dibromobenzene in 63% yield. Purification 
was accomplished by column chromatography on silica eel 
,™ J?, e w nes f o llowed by 20% toluene in hexanes: 'H NMR 
CD 2 C1 ? ) & 7.50-7.40 (m, 4H), 7.35-7.30 (m, 2H), 7 28-721 
m, 2H), 7.18-7.00 (m, 9H), 6.98-6.85 (m 8H) 2 24 (8 ml 
»C NMR (CD 2 C1 2 ) d 148.3, 148.1, 147.7 ',147 6 * 147 5 ui 5' 
140.0, 139.8, 135.7, 134.8, 132.6, 129.7, 129 6 1295 Jos? 
127.8, 127.7, 126.0, 125.7, 125:6, 124.94 124 87 !24 76 

C38H 31 «BrN 2 [M2 596.1650, found 596.1649. Anal. Calcd for 
SSf Tie ' 5 ' 25; N ' 4 7 °- F ° Und: C ' 76 85; H ' 

Preparation of 4-(m-Tolyl-m-fluorophenyIamino)-4'. 
(jra-nuorophenyl-p-bromophenylaniino)biphenyl (3b). 3b 
was Prepared by analogy to la from 3a and m-fluoroaniline 
followed by the addition of 1,4-dibromobenzene in 63% yield 
Purification was accomplished by column chromatography on 
silica gel with hexanes followed by 10% ethyl acetate in 
hexanes: >H NMR (CD.CW <5 7.52 (dd, J = 8.?6. Hz ffl) 
l£ ( «o^ « L 7 , HZ ' 2H) ' 72 8- 7 -12 (m, 8H), 7. 07-6.93 (m, 
iS'a 6 ^,"!- 6 , 5 .^ 5H) ' 2 24 (s > 3H) : 13C NMR (CD 2 C1 2 ) 6 
iS- 8, 149 - 4 ' 149 3 ' 148 8 ' 148 - 6 - l 46 -6. 146.2, 146 0 
Jooo' ^ 93 ' 1357> 1347 > 1321 > "0.1 130.0 129.9 1298 
129.0, 128.7, 127.9, 127.8, 127.2, 125.8, 125.6 124 8 124 5 
124.4, 122.2, 118.5, 118.0, 115.5, 110.0 109 6 109 4 1091 

TA 1 r°f;? > cl 1 0 ° 8 - 3 ' 108 °' 218 HRMS calcd £cJS& 
BrF 2 N 2 {M+ 1 618.1305, found 618.1310. Anal. Calcd for (UL- 
BrF^: C, 71.97; H, 4.41; N, 4.54. Found: C, 72.13; H, TH; 
JN, 4.73. * 

.,f 0 r |Pf^f tion «f 4-(i».Tolyl.3,5-difluorophenylamino)- 
=^ ,flMor °P hen y , -P- bro »ophenyIamino)biphenyl 

(5b). 5b was prepared by analogy to la from 5a and 3,5- 
difluoroanihne followed by the addition of 1,4-dibromobenzene 
in 62% yield. Purification was accomplished by column chro- 
matography on silica gel with hexanes followed by 20% toluene 
in hexanes: 'H NMR (CD 2 C1 2 ) 6 7.67-7.62 (m, 2H), 7.58-7 49 
IHS^W^V 11 (n ?i^ H i 702 -«- 93 3H), 6.86-6.80 im, 
Skk Mrl^i™' 4H) ' 224 (s ' 3H) : " C NMR (CD 2 C1 2 ) <5 
J 6 f'!' l!5-2' 165 0 ' 164 9 > 164 8 > 160.8, 150.65, 150.5, 146 4 
Joo?' J*5-Z' 140 - 3 ' 1400 ' 13 °.4, 135.5, 132.7, 132.6 130 4 
\TA-}2*- 2 ' 128 - 4, 1280 > 1279 > 1273 126.9 125.9 1254 
lfa 4 kl 2 M: 1213 ' 104 - 2 ' 1041 > 103 -0. 103-8, 103.7, 98.0;97 6 
l 6 S'£ G £ 95 9 ' 95 o > 951 > 94 - 8 > 21«; HRMS calcd for C*h1£- 
BriW. [M + ] 1 652.1135, found 652.1137. Anal. Calcd for c"h 21 - 

N 4 fl ' 4: H ' 3 24; N> 4 28 - FoUnd: C ' 6817 = 3 **> 
Preparation of 4-(m-Tolyl-p-methoxyphenylaniino)-4'. 
^'^ e 5 °°^ b 5 n y 1 - J P- v M»ylphenylainJno)biphenyI (l). 
Method l ib (3 g, 4.67 mmol), palladium acetate (26.2 ma 
0.12 mmol), and tris(o-tolyl)phosphine were dissolved in 15 mL 
ot toluene. Diethoxymethylvinylsilane (2.25 g, 14 mmol) and 
tributylammomumfluoride (21 mL of a 1M solution in tet- 
rahydrofuran, 14 mmol) were added to the solution, and the 
reaction mixture was heated to 100 "C for 4 h 

Method 2 lb 1 (3 1 g, 4.67 mmol), tetrakis(triphenylphosphine)- 
palladium(O) (136 mg, 0.12 mmol), and 2,6-di-tert-butyl-4- 
methylphenol (2-5 mg) were dissolved in 25 mL of toluene 
Tnbutyl(vinyl)tin (1.8 g, 5.6 mmol) was added to the solution 
and the mixture was heated to 100 °C for 3 h. Purification of 
the product was achieved through column chromatography 
(sihca, 10% ethyl acetate in hexanes). 

m^LS^^T 6 ? 3% f0r method 1 and 92% for method 2: 
^e NM «i? D2Cl2) 6 7 46 - 7 -38 (m, 4H), 7.30-7.20 (m, 2H) 
7 . 18 - 6 97 i m . 1 2 H), 6.94-6.89 (m, 6H) 6.66 (dd, J = 10 8 
17.7 Hz, 1H), 5.63 (d, J = 17.7 Hz, 1H), 5.13 (d, J =10 8 Hz 

148.5, 148.3, 147.8, 147.6, 143.3, 141.1, 140 8 139 6 136 8 
lot l' ^ 4 5 ' 134 2 ' 1341 1317 129 7 l 29 -t 128A 2?'9 
Wol' !of i' } 2 ! 8 ' 1236 ' 1235 > 1234 . l 2 3-2 122.8 122:7,' 

C 41 H36N 2 0 2 [M+] 588.2777, found 588.2787. Anal. Calcd for 
6 5a!*P 4 ?63 '' N ' 4 ' 76 ' Ft>Und: C ' 83 74: H ' 

Preparation of 4-(m-Tolylphenylamino)-4'.(m-tolyl-p- 
v,nylphenylamino)biphenyl (2). 2 was prepared by 
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analogy to 1 from 2b in yields of 64% for method 1 and 76% 
for method 2. Purification was accomplished by column chro- 
matography on silica gel with 5% ethyl acetate in hexanes: 
A H NMR (CD2CI2) 6 7.45 (dd, J = 2.4, 8.7 Hz, 4H), 7.32-7.22 
(m, 4H), 7.18-6.97 (m, 12H), 6.95-6.85 (m, 5H), 6.66 (dd, J 
= 11.1, 17.7 Hz, 1H), 5.64 (d, J = 17.7 Hz, 1H), 5.13 (d, J = 
11.1 Hz, 1H), 2.24 (s, 6H); 13 C NMR (CD 2 C1 2 ) 6 148.3, 148.1, 

148.0, 147.9, 147.4, 147.1, 139.9, 139.8, 136.7, 135.3, 135.0, 
134.9, 133.5, 132.3, 129.7, 129.6, 129.2, 127.7, 127.5, 125.9, 

125.7, 124.8, 124.4, 124.0, 123.2, 122.4, 122.2, 112.4, 21.8; 
HRMS calcd for C40H34N2 [M + ] 542.2722, found 542.2728. Anal. 
CalcdforC 4 oH34N 2 : C, 88.52; H, 6.31; N, 5.16. Found: C, 88.53; 
H, 6.58; N, 4.98. 

Preparation of 4-(m-Tolyl«m-fluorophenylamino)-4'« 
(m-fluorophenyl-p-vinylphenylamino)biphenyl (3). 3 was 
prepared by analogy to 1 from 3b in yields of 66% for method 
1 and 92% for method 2. Purification was accomplished by 
column chromatography on silica gel with 20% toluene in 
hexanes: W NMR (CD 2 C1 2 ) <5 7.53-7.45 (m, 4H), 7.36-7.26 
(m, 2H), 7.22-7.04 (m, 9H), 6.93 (bd t, J = 7.8 Hz, 3H), 6.87- 
6.62 (m, 7H), 5.67 (d, J = 17.7 Hz, 1H), 5.18 (d, J = 11.1 Hz, 
1H), 2.24 (s, 6H); 13 C NMR (CD 2 C1 2 ) d 165.6, 162.4, 150.3, 

150.1, 149.9, 149.8, 147.5, 147.2, 147.0, 146.6, 140.1, 136.6, 

136.2, 136.0, 135.7, 130.6, 130.0, 129.8, 128.3, 128.0, 127.7, 

126.5, 125.6, 125.4, 125.3, 125.1, 124.3, 123.0, 119.2, 118.8, 
113.1, 110.6, 110.3, 110.2, 110.0, 109.9, 109.6, 109.3, 109.1, 
109.0, 108.8, 21.8; HRMS calcd for C 39 H 3 oN 2 F 2 [M + J 564.2377, 
found 564.2397. Anal. Calcd for C 3 9H 3 oN2F 2 : C, 82.96; H, 5.35; 
N, 4.96. Found: C, 82.78; H, 5.43; N, 4.85. 

Preparation of m-Tolyl<p-vinylphenyl)phenylamine 
(4). 4 was prepared by analogy to 1 from 4b in yields of 66% 
for method 1 and 89% for method 2. Purification was ac- 
complished by column chromatography on silica gel with 
hexanes: W NMR (CD 2 C1 2 ) d 7.35-7.25 (m, 4H), 7.18 (bd t, J 
= 7.8 Hz, 1H), 7.13-7.01 (m, 5H), 7.18-6.88 (m, 3H), 6.70 (dd, 
J = 10.8, 17.7 Hz, 1H), 5.67 (d, J = 17.7 Hz, 1H), 5.13 (d, J = 
10.8 Hz, 1H), 2.24 (s, 6H); 13 C NMR (CD 2 C1 2 ) 6 147.75, 147.70, 

147.6, 139.3, 136.3, 131.7, 129.3, 129.1, 127.0, 125.3, 124.3, 
124.1, 123.4, 122.9, 121.8, 111.9, 21.8; HRMS calcd for C21H19N 
[M+] 285.1512, found 285.1517. Anal. Calcd for C 21 Hi9N: C, 
88.38; H, 6.71; N, 4.91. Found: C, 88.08; H, 6.85; N, 4.69. 

Preparation of 4-(m-Tolyl-3,5-difluorophenylamino)- 
4'-(3,5-difluorophenyl-p-vinylphenylaminp)biphenyl (5). 
5 was prepared by analogy to 1 from 5b using method 2 in 
78% yield. Purification was accomplished by column chroma- 
tography on silica gel with 20% toluene in hexanes: *H NMR 
(CD 2 C1 2 ) <5 7.62-7.51 (m, 6H), 7.43-7.37 (m, 2H), 7-29-7.13 
(m, 6H), 7.05-6.96 (m, 3H), 6.92-6.75 (m, 2H), 6.57-6.34 (m, 
4H), 5.86 (d, J = 17.7 Hz, 1H), 5.34 (d, J = 10.8 Hz, 1H), 2.24 
(s, 6H); 13 C NMR (CD 2 C1 2 ) 6 165.9, 165.7, 165.2, 165.0, 163.1, 

162.8, 162.7, 162.5, 161.9, 161.7, 159.8, 159.6, 151.2, 151.0, 

150.9, 146.8, 146.1, 144.8, 144.7, 144.6, 141.0, 140.4, 138.3, 
136.8, 135.7, 131.4, 131.1, 130.0, 129.5, 128.7, 128.2, 128.1, 
127.5, 127.3, 126.3, 125.8, 123.7, 121.6, 115.2, 104.4, 104.1, 
98.2, 97.9, 96.9, 96.6, 96.2, 95.7, 95.4, 95.0, 21.8; HRMS calcd 
for C39H28N2F4 [M+l 600.2174, found 600.2188. Anal. Calcd for 
C39H24N2F4: C, 77.99; H, 4.03; N, 4.68. Found: C, 77.89; H, 
4.17; N, 4.52. 

General Polymerization Procedure. The monomer (1.5 
mmol, 500 mg to 1 g) was dissolved in a solvent mixture of 2 
mL of toluene and 0.2 mL of THF. The solution was cooled to 
—78 °C and the polymerization was initiated through injection 
of n-butyllithium (0.075 mmol, 46.9 f*L of a 1.6 M solution in 
hexanes). The polymerization was allowed to proceed for 1 h 
at — 78 °C. The reaction mixture was poured into methanol to 
precipitate the polymer. The polymers were purified by redis- 
solving in methylene chloride and repricipitation into methanol 
several times and drying in vacuo. PI, P2, P3, and P4 were 
prepared using this procedure. In the case of P5, the monomer 
was dissolved in 5 mL of THF and 3.075 mmol of 71-butyl- 
lithium was added to initiate. During the purification of P5, 
an insoluble fraction was removed by filtration. 

PI: 96% yield; J H NMR (CD 2 C1 2 ) <5 7.4 (bd), 7.1 (bd), 6.8 (bd), 
6.5 (bd), 3.7 (bd), 3.4 (bd), 2.2 (bd, two overlapping signals), 
1 a rwi 



P2: 98% yield; X H NMR (CD 2 C1 2 ) 6 7.4 (bd), 7.1 (bd), 6.8 (bd), 
2.3 (bd), 2.2 (bd), 1.6 (bd). 

P3: 98% yield; *H NMR (CD 2 C1 2 ) d 7.5 (bd), 7.2 (bd), 6.9 (bd), 

6.5 (bd), 2.3 (bd), 2.2 (bd), 1.6 (bd). 

P4: 96% yield; l H NMR (CD 2 C1 2 ) 6 7.2-6.5 (bd), 2.2 (bd, 
two overlapping signals), 1.6 (bd). 

P5: 65% yield; l H NMR (CD 2 C1 2 ) 6 7.4 (bd), 7.0 (bd), 6.9 
(bd), 6.4 (bd), 6.3 (bd), 2.2 (bd, two overlapping signals), 

1.6 (bd). 

Fabrication and Characterization of Light-Emitting 
Devices. Devices were fabricated on ITO-coated glass sub- 
strates (Donnelly Corp.) with a nominal sheet resistance of 
20 Q/sq which had been ultrasonicated in acetone, methanol, 
and 2-propanol, dried in a stream of nitrogen, and then plasma 
etched for 60 s. Polymer layers (40 nm) were formed by spin 
casting from chlorobenzene solutions (10 g/L). The second layer 
consisted of vacuum vapor deposited Alq (60 nm), which had 
been purified by recrystallization and sublimation prior to 
deposition. Mg cathodes (200 nm) were thermally deposited 
at a rate of 8 A/s through a shadow mask to create devices 3 
x 5 mm 2 in area. Current— voltage and light output charac- 
teristics of the devices were measured in forward bias. Device 
emission was measured using a silicon photodetector at a fixed 
distance from the sample (12 cm). The response of the detector 
had been calibrated using several test devices, for which the 
total power emitted in the forward direction was measured 
with a NIST traceable integrating sphere (Labsphere). Pho- 
tometric units of cd/m 2 were calculated using the forward 
output power and the electroluminescence spectra of the 
devices. Efficiencies were measured in units of external 
quantum efficiency (percent photons/electron). Cathode deposi- 
tion and device characterization were performed in a nitrogen 
drybox (Vacuum Atmospheres). 

Results and Discussion 

Previous studies have suggested that polymers with 
nonpolar compact backbones exhibit higher hole mo- 
bilities and show improved performance as hole-trans- 
port layers in LEDs. 1 " 6 Therefore, the monomers were 
designed to contain a styrene type functionality, which 
would permit anionic polymerization, yielding an all- 
hydrocarbon compact backbone (Figure 4). Electron- 
donating and electron-withdrawing substituents have 
been introduced on TPD to vary the redox potential of 
the hole-transporting moiety. 

Monomer Synthesis. We have prepared different 
monovinylated TPD derivatives by an efficient three- 
step procedure based on palladium-catalyzed ami- 
nation 12 " 15 (Scheme 1). This methodology allows for 
independent selection of the substituent patterns of the 
four outer phenyl rings. The TPA monomer 4 was 
synthesized in a fashion similar to the TPD derivatives 
(Scheme 1). 

In the last step of the monomer synthesis, the mono- 
vinyl compounds 1—5 were obtained by palladium- 
catalyzed vinylation. The desired products were pre- 
pared in high yield using the tin reagent 6 16 or an excess 
of the silicon reagent 7 17 (Scheme 1). Nickel-catalyzed 



(12) Wolfe, J. P.; Rennels, R. A.; Buchwald, S. L. Tetrahedron 1996, 
52 7525 

(13) Wolfe, J. P.; Wagaw, S.; Buchwald, S. L. J. Am. Chem. Soc. 

1996, 118, 7215. 

(14) Driver, M. S.; Hartwig, J. F. J. Am. Chem. Soc. 1996, 118, 
7217. 

(15) Thayumanavan, S.; Barlow, S.; Marder, S. R. Chem. Mater. 

1997, 9, 3231. 

(16) McKean, D. R.; Parrinello, G.; Renaldo, A. F.; Stille, J. Org. 
Chem. 1987, 52, 422. 
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Figure 4. Structures of the synthesized hole-transporting polymers and the corresponding monomers. 

reaction of the bromo derivatives lb— 5b with vinyl- product. Another synthetic route toward 1—5 involves 
Grignard 18 ' 19 did not result in formation of the desired substitution of the bromine in lb-5b by an aldehyde 
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Schem 1 



3 equ. of di- fyj 

Gf Cj Bt Pd 2 dba 3' dp pf bromobiphen yl M ,r-y/==v ^ 

yf' + Y NaO^u, toluene " fX^^^ ' 

60 - 70 % 

1a: Ar-X = p-methoxyphenyl, Ar-Y = m-tolyl 
2a: Ar-X = m-tolyl, Ar-Y = phenyl 
3a: Ar-X = m-fluorophenyl, Ar-Y = m-tolyl 
5a: Ar-X = 3,5-difluorophenyl, Ar-Y = m-tolyl 



3 equ. of di- 



Br 



1a-5a + CT UH * Pd 2 dba 3> dp pf b romobe nze i n e \^HMry-N 

z ' NaOfeu, toluene w ^ 



1b -5b 



60 -70 % 



1b: Ar-X, Ar-Z = p-methoxyphenyl, Ar-Y = m-tolyl 

2b: Ar-X, Ar-Z = m-tolyl, Ar-Y = phenyl 

3b: Ar-X, Ar-Z = m-fluorophenyl, Ar-Y = m-tolyl 

5b: Ar-X, Ar-Z = 3,5-difluorophenyl, Ar-Y = m-tolyl 



Method 1: 
vinyl-SnBug, 6 
Pd(PPh 3 ) 4 
BHT 

toluene reflux 



Method 2: 

3 equ. viny!-SiMe(OEt) 2 , 7 
3 equ. TBAF 
Pd(OAc) 2 , P(o-tol) 3 
toluene reflux 




70 - 90 % 



1: Ar-X, Ar-Z = p-methoxyphenyl, Ar-Y = m-tolyl 
2: Ar-X, Ar-Z = m-tolyl, Ar-Y = phenyl 
3: Ar-X, Ar-Z = m-fluorophenyl, Ar-Y = m-tolyl 
5: Ar-X, Ar-Z = 3,5-difluorophenyl, Ar-Y = m-tolyl 



Pd 2 dba 3 = Tris(dibenzylideneacetone)dipalladium(0), dppf = Bis(dlphenylphosphino)ferrocene 
BHT = 2,6-Di-ferf-butyl-4-methylphenol, TBAF = Tributylammoniumfluoride 



H 



3 



BM f>-Br Pd2db33T ^N-f^Br 
w NaO'Bu, toluene ^-T \=/ Br 

3 equivalents W 68 % 



Method 1 



Method 2 



72% 



4b 



group via lithiation and quenching with dimethylfor- 
mamide, followed by reaction of the aldehyde with the 
appropriate Wittig reagent or titanium reagent 20 to form 



the vinyl group. The transformation of lb-5b to 1-5 
via the aldehyde, however, afforded considerably lower 
yields (approximately 40%) of the monovinyl product. 
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yield 0 

(%) 


Mw fc 


PDI 6 


(°C) 


Ttga c 
(°C) 


A max 

(nm) 


96 


15 700 


1.28 


132 


408 


360, 312 


98 


11 150 


1.13 


151 


400 


358, 312 


98 


15 100 


1.16 


147 


414 


353, 312 


96 


5 000 


1.09 


104 


397 


307 


65 


6 550 


1.30 


140 


412 


338, 315 



° Isolated yield. b Determined by gel permeation chromatogra- 
phy in methylene chloride versus monodispersed polystyrene 
standards. c Temperature of thermal decomposition determined by 
thermal gravimetric analysis and reported as temperature of onset 
of weight loss. d Absorption spectrum in methylene chloride solu- 
tion. 

Table 2. Redox Potentials of the HTL Polymers" 

polymers 



model small molecules 
polymers 1 E y2 b (mV) 2 £i/2 c (mV) ^^(mV) 2 Ey2 c (mV) 



PI 150 355 

P2 280 480 

P3 390 560 

P4 Eox = 490, E Ted = 380* 
P5 490 590 



160 400 
260 510 
360 580 
Eox = 550, E Ted = 470* 
510 660 



° Error of the measurement is estimated to ±10 mV. b l Ey2 = 
£i/2(M + /M). c 2 Ew = £i/2(M 2+ /M+). d Irreversible redox potential. 



Polymerization. The anionic polymerization of mono- 
mers 1—4 was initiated by 0.05 equiv of n-butyllithium 
(rc-BuLi) at —78 °C. In the case of monomer 5, the two 
fluorine substituents in the 3- and 5-position of the outer 
phenyl rings cause the para-hydrogens to be reactive 
toward strong bases. n-BuLi was observed to deproto- 
nate the TPD core prior to initiating polymerization by 
a deuterium quenching experiment. The polymerization 
of the dianion was possible in a dilute THF solution and 
yielded the target polymer after quenching with metha- 
nol at — 78 °C. The isolated yield of polymer P5 is lower 
than the yields of polymers P1-P4, because an in- 
soluble fraction had to be removed by filtration. This 
insoluble material is presumably produced by cross- 
linking during the polymerization. 

All of the resulting polymers exhibit high glass 
transition temperatures (T g ), high thermal stability (up 
to 400 °C by themal gravimetric analysis), and good 
solubility. The polymers form high-quality transparent 
thin films upon spin casting, and the solutions and films 
fluoresce blue. The polymer properties are summarized 
in Table 1. 

Cyclic Voltammetry. The redox potentials of the 
polymers have been determined by cyclic voltammetry 
in methylene chloride versus ferrocenium/ferrocene 
(Table 2). The cyclic voltammograms for polymers PI- 
PS and P5 show two sequential one-electron processes, 
corresponding to removal of two electrons from each 
TPD unit. These redox potentials are similar to the 
redox potentials of the corresponding molecular com- 
pounds, 15 demonstrating that incorporation of TPD into 
this kind of polymeric framework does not alter its redox 
behavior. The peak potentials in forward and reverse 
bias differ by approximately 59 mV, and the peak 



(18) Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 
94, 4374. 

(19) Nugent, W. A.; McKinney, R. J. J. Org. Chem. 1985, 50, 
5370. 

(20) Pine, S. H. Org. React 1993, 43, 1. 



Table 3. Device Characteristics versus Redox Potential 
of the Hole-Transporting Polymer for the Devices 
ITO/HTL/A1 q/Mg 







current 


max. ext quant 




HTL 


l £l/2° 


density at 9 


efficiency 


light output at 


polymer 


(mV) 


V (mA/cm 2 ) 


(% photons/e") 


10 V (cd/m 2 ) 


PI 


150 


53.4 


0.61 


2300 


P2 


280 


39.7 


1.09 


2900 


P3 


390 


28.7 


1.25 


3700 


P4 


435* 


27.4 


1.22 


1800 


P5 


490 


15.4 


1.00 


1000 



° l Em = EwiM+ZM); determined by cyclic voltammetry in 
methylene chloride solution versus ferrocenium/ferrocene. 6 Irre- 
versible redox potential estimated from (E ox + «E r ed)/2. 

currents in forward and reverse bias are of similar 
magnitude. This suggests that the redox potentials are 
reversible. The cyclic voltammogram for the TPA-based 
polymer P4 shows an irreversible redox process at a 
potential that is lower than the redox potential of the 
molecular TPA. Simple triarylamines without para- 
substitution are known to exhibit similar irreversible 
electrochemistry. 21 

The cyclic voltammetry measurements show that 
polymer PI has the lowest barrier for oxidation at the 
ITO/HTL interface, but its radical cation is hardest to 
reduce at the HTL/Alq interface. Therefore, PI should 
readily form radical cations at the ITO/HTL interface 
(Figure 1, reaction 1), but the reaction of these radical 
cations with Alq (hole injection into EL; Figure 1, 
reaction 2 and Figure 2a) and with Alq"* radical anions 
(direct formation of the Alq* 8 emissive state at the HTL/ 
EL interface; 9 Figure 1, reaction 3 and Figure 2b) should 
be disfavored. In the case of P5, the hole injection at 
the ITO/HTL interface should be disfavored, but the 
relevant redox reactions at the HTL/Alq interface should 
occur more readily. P2, P3, and P4 represent interme- 
diate cases between PI and P5. 

The results of the solution phase cyclic voltammetry 
measurements herein expose the trends in redox be- 
havior of the polymeric materials relative to each other. 
Electrochemistry has previously been shown to give 
qualitative estimates of energy levels in devices. 9 Pho- 
toelectron spectroscopic analysis is currently in progress 
and should give quantitative solid-state energies. 

Light-Emitting Diodes. Two-layer LEDs have been 
prepared using the polymers PI— P5 as hole-transport 
materials. The devices show typical Alq emission, 22 
resulting in green LEDs with a peak emission of 525 
nm. Table 3 and Figure 5 summarize the device data. 

The maximum external quantum efficiency increases 
substantially as the redox potential becomes more 
positive (compare PI, P2, and P3). Thus, this study 
suggests that higher external quantum efficiencies can 
be achieved with hole-transporting materials which are 
less electron-rich than the commonly used TPD. An 
optimum value for the HTL redox potential appears to 
exist around 400 mV versus ferrocenium/ferrocene (P3). 
If the redox potential is increased further than that, the 
energetic barrier for the reactions 2 and 3 (Figure 1) at 
the HTL/Alq interface is further decreased but the 
barrier for hole injection into the HTL (Figure 2) 

(21) Yano, M.; Furuichi, M.; Sato, K.; Shiomi, D.; Ichimura, A.; Abe, 
K.; Takui, T.; Itoh, K. Synth. Met. 1997, 85, 1665. 

(22) Tang, C. W.; VanSlyke, S. A. Appl Phys. Lett. 1987, 51, 913. 
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Figure 5. External quantum efficiency versus bias voltage 
for the devices ITO/HTL/Alq/Mg with polymers P1-P5 as hole- 
transport materials. 

presumably becomes too high. This apparently causes 
the external quantum efficiency to decrease again 
(compare P3, P4, and P5). 

Another possible explanation for decreased external 
quantum efficiencies at too high redox potentials could 
be the following: electron-withdrawing substituents 
decrease not only the HOMO energy but also, to a lesser 
extent, the LUMO energy of a compound. 23 A lower 
LUMO level of the hole-transport material could result 
in less efficient electron blocking at the HTL/Alq inter- 
face, which would decrease device efficiency. 

The current density at 9 V decreases as the redox 
potential of the HTL increases (Table 3). This is 
consistent with an increase in the energetic barrier for 
hole injection from the ITO, and this same trend has 
been seen in previous work. 24 

To test the stability of the devices, the LEDs were 
operated at 6 mA constant current (corresponds to 50 
mA/m 2 ) in a nitrogen-filled drybox. Constant current, 
which is the standard mode for testing OLED lifetimes, 
drives the same number of charge carriers through the 
devices with different HTL materials. The observed 
changes in external quantum efficiency are illustrated 
in Figure 6. The device with PI as hole-transporting 
material was the least efficient at the beginning of the 
lifetime study, but in the end the device retained 60% 
of its initial efficiency after 1 h of continuous operation. 
Devices which contained P3, P4, and P5 decomposed 
rapidly. After 1 h the trend in performance was reversed 
with ITO/Pl/Alq/Mg, showing the highest external 
quantum efficiency (Figure 6, Table 3). This observation 
is consistent with a previous study, 8 where it was shown 



(23) Estimates of solid-state LUMO levels for different TPD deriva- 
tives have been presented at the 214th ACS meeting: Thayumanavan, 
S.; Barlow, S.; Marder, S. R.; Lee, P.; Anderson, J. D.; Armstrong N* 
R.; Jabbour, G. E.: Kawabe, Y.; Morrell, M. M.; Shaheen, S.'e.; 
Kippelen, B.; Peyghambariah, N. ACS Meeting Abstr.1997, 214 

(24) Okutsu, S.; Onikubo, T.; Tamano, M.; Enokida, T. IEEE Trans 
Electron Devices 1997, 44, 1302. 
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Figure 6. Lifetime study for the devices ITO/HTL/Alq/Mg 
with polymers P1-P5 as hole-transport materials. 
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Figure 7. Device characteristics of a two-layer LED ITO/HTL/ 
Alq/Mg versus the redox potential of the hole-transport 
polymer. ( l Ev2 is reported versus ferrocenium/ferrocene.) 

that device lifetime is strongly dependent on the redox 
potential of the hole-transport material. 

Summary and Conclusions 

We have developed an efficient protocol for the syn- 
thesis of a variety of soluble hole-transporting polymers 
which have compact nonfunctionahzed backbones and 
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high glass transition temperatures. We have synthe- 
sized several hole-transport materials with differences 
in their redox potential, and we have investigated the 
effect of the redox potential on the performance of a two- 
layer LED. The device performance has been found to 
depend on the redox potential of the hole-transporting 
material, as illustrated in Figure 7. 

This study shows that very electron-rich HTL materi- 
als yield devices with lower external quantum efficien- 
cies. Devices containing HTL materials with a more 
positive redox potential exhibit higher external quan- 
tum efficiencies. This suggests that, providing that hole 
injection stays in good balance with electron injection 
in the device, facile hole injection from the anode into 
the HTL is not crucial for the overall device perfor- 
mance, and improved quantum efficiencies can be 
achieved through facilitating the redox reactions at the 
HTL/EL interface. Specifically, we have found that the 
redox behavior of unsubstituted TPD is not optimal for 



Chem. Mater., Vol. 11, No. 2, 1999 407 

the ITO/HTL/Alq/Mg LED configuration. Higher quan- 
tum efficiencies have been observed for polymers con- 
taining TPA and fluoro-TPD (P4 and P3). Finally, 
device stability was found to depend on the redox po- 
tential of the HTL material: more electron-rich deriva- 
tives yield devices with improved lifetimes. 
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